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ABSTRACT 

 

The interaction of HLA class I (HLA-I) proteins with inhibitory receptors such as those of 

the Killer cell Immunoglobulin-like Receptor (KIR) family play a key role in effector 

function acquisition and target cell identification by Natural Killer (NK) cells. However, 

the extent to which polymorphism in the genes encoding both KIR and their HLA-I 

encoded ligands impacts the capacity of NK cells to respond to virus-infected or 

transformed cells with reduced expression of HLA-I proteins is unclear.  

 

Analyses of KIR expression on NK cells from a large panel of HLA-I typed healthy 

donors, found little evidence to suggest that the presence of a HLA-I ligand significantly 

impacted the frequency of KIR expression. In contrast, the NK cell’s capacity to respond 

to HLA-I-deficient targets was elevated by the presence of cognate KIR/HLA-I-ligand 

pairs. Focussed analyses of the interaction between KIR3DL1 and HLA-Bw4 allotypes 

demonstrated that polymorphisms in both the receptor and ligand impacted the strength 

of the interaction. Moreover, functional analyses showed that the proportion of 

KIR3DL1+ve NK cells responding to HLA-I-deficient targets strongly correlated with the 

strength of the interaction between KIR3DL1 and HLA-Bw4 alloypes, a phenomenon 

often described as education. Similarly, analyses of KIR3DL1/HLA-Bw4 pairs in a cohort 

of HIV+ve individuals showed a strong correlation with viral loads, implicating NK cell 

education in the control of HIV. 
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Analysis of viral loads in HIV-infected HLA-B*57:01+ve individuals revealed that those 

with KIR3DL1 alleles encoding a valine at position 47 had reduced viral loads relative to 

individuals that possessed alleles with isoleucine at this position. Binding and reporter 

cell analyses showed that KIR3DL1*005, a common Ile47 encoding allotype, interacted 

more strongly with HLA-B*57:01 than other allotypes. Strikingly, functional analyses 

showed that NK cells expressing Ile47 allotypes were more strongly inhibited by HLA-

B*57:01 when expressed at low levels than Val47 variants, suggesting that allotypic 

variation in KIR impacts the capacity of NK cells to mediate immunosurveillance of HLA-

I levels. 

 

Finally, although HLA-Bw4 allotypes show extensive conservation across residues that 

made direct contacts with KIR3DL1, the capacity of allotypes such as HLA-B*57:01 and 

HLA-A*24:02 to inhibit NK cell activation varied markedly. Since immune synapse 

formation relies on discerning between structurally similar ectodomains, as may be the 

case for HLA-Bw4 allotypes, the membrane behaviour of these two HLA-I was 

compared by fluorescence recovery after photobleaching (FRAP). The data revealed 

that the mobility of HLA-I was influenced by the cell in which they were expressed, 

however allotypic differences between the mobility of HLA-B*57:01 and -A*24:02 were 

observed and, via the analyses of chimeric and mutant HLA-I proteins, was found in 

part to be dependent on their ectodomains. 

 

Taken together, the data suggest that polymorphisms in both KIR and HLA-I impact the 

strength of their interaction, which in turn influences NK cell education and target cell 
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recognition, particularly with regard to the sensitivity to altered HLA-I expression. In the 

case of KIR3DL1/HLA-Bw4 interaction, this is manifested in changes in viral replication 

in HIV-infected individuals and likely has significance in other settings including infection 

and cancer. 
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Chapter 1: Literature Review 
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Natural Killer (NK) cells are a key component of the innate immune system, with 

particular importance in responses to viral infections and cancer. In humans, their 

activation is regulated by a diverse array of receptors including the Killer 

Immunoglobulin-like Receptors (KIR), a family of receptors that can transduce activating 

or inhibitory signals following recognition of the Human Leukocyte Antigen class I (HLA-I) 

molecules. Strikingly both KIR and their ligands exhibit enormous diversity that results 

from high levels of polymorphism. While it is increasingly evident that this polymorphism 

has clinical significance, our understanding of the extent to which it impacts NK cell 

development and function, and ultimately its capacity to modulate clinical outcomes, is 

still in its infancy (1). 

 

Major Histocompatibility class I (MHC-I) molecules, or HLA-I molecules in humans are 

surface-expressed glycoproteins found on virtually all nucleated cells and play a critical 

role in both the innate and adaptive immune systems. They bind both self and 

pathogen-derived peptides in the lumen of the endoplasmic reticulum (ER), which 

triggers their egress and subsequent transport to the cell surface. These peptide-loaded 

HLA-I molecules are central for immune discrimination between healthy cells and those 

that are infected or transformed, typically evident in the display of either an altered 

peptide repertoire associated with the HLA-I molecules or altered levels of expression of 

HLA-I at the cell surface. In turn, immune surveillance of both the HLA-I expression 
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level as well as their peptide content or repertoire is primarily mediated by CD8+ve T 

cells and NK cells. 

 

In humans, there are three classical HLA-I proteins, HLA-A, -B and -C. These 

heterodimeric glycoproteins are comprised of two subunits, an α-chain or heavy chain 

and a smaller non-covalently associated polypeptide, β2-microglobulin (β2m) or light 

chain (Figure 1.1A) (2-4). Unlike the heavy chain, β2-microglobulin is encoded by a 

monomorphic gene located outside of the HLA complex on chromosome 15 (5). The α-

chain is ~350 amino acids (aa) in length and is composed of three extracellular domains, 

the α1, α2 and α3 domains, along with a transmembrane region and a cytoplasmic tail 

(6). The α1 and α2 domains together form two α helices that lie over a β-pleated sheet 

creating a small groove ideally suited to bind small peptides (7). Indeed, the peptide is 

critical for the structural integrity of HLA-I complexes since at physiological 

temperatures, they are unstable in the absence of peptide and/or molecular chaperones 

(8-10).  
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Figure 1.1. Overview of HLA-I structure and the peptide binding groove.  

(A) The HLA-I molecule is made up of two subunits, the heavy chain (blue) and β2m 

(red) with disulphide bridges indicated. There are three extracellular domains, α1, 2 and 

3, where the peptide binding groove sits between the α1 and α2 domains. (B) The 

peptide binding groove as depicted from the side (top) and from above (bottom), 

highlighting the location of the B and F pockets, with peptide residues 2 and 9 binding 

respectively. Adapted from Barber et al. (11) and Bowness et al. (12). 

 

The assembly of HLA-I molecules with peptide occurs in the lumen of the ER where a 

complex process allows for the assembly of the nascent class I heavy chain, β2m and 

peptide (13). Within the ER, the newly synthesized HLA-I heavy chain initially 

associates with the chaperone calnexin (14,15). Upon recruitment of β2m, calnexin is 

exchanged for calreticulin, which is then incorporated into the Peptide Loading Complex 
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(16,17). This complex includes the Transporter Associated with antigen Processing 

(TAP) (comprised of TAP1 and TAP2), the thiol oxidoreductase ERp57 (14,18) and the 

chaperone tapasin (19). Peptides generated via proteasomal degradation in the cytosol 

are delivered into the lumen of the ER via TAP, an ATP-binding peptide transporter. In 

order for the HLA-I to bind peptide and acquire a mature conformation, ERp57 is 

required for the formation of two highly conserved disulphide bridges within the heavy 

chain (20,21). The fully assembled and loaded HLA-I molecule then dissociates from 

the peptide loading complex and is transported to the cell membrane via the Golgi (22). 

 

The genes encoding the HLA-I heavy chain are located within the histocompatibility 

complex, a large family of genes found on chromosome 6 spanning a region of about 

4000 kb (23,24). Three loci encode classical HLA-I molecules, HLA-A, -B and -C. These 

genes are expressed in a co-dominant manner, such that an individual can express up 

to six different classical HLA-I proteins.  

 

A key feature of the genes encoding HLA-I chains is their extensive polymorphism, with 

more than five thousand allelic variants identified in the HLA-A and -B loci alone (25,26). 

The α3 domain is highly conserved, forming the binding site for the CD8 co-receptor 

expressed by cytolytic T-cells (2,27,28), while the exons encoding the α1 and α2 

domains exhibit the vast majority of this polymorphism. Thus polymorphism is primarily 
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found in positions that can impact the nature of the bound peptide or in residues that 

can interact with TCRs expressed by CD8+ve T cells (Figure 1.2) (25,29-31).  

 

The interaction of the peptide with the peptide binding groove is governed by discrete 

sets of residues that together form binding pockets (designated A-F; Figure 1.2). These 

residues confer distinct physico-chemical properties on the pockets, which in turn 

dictate the nature of the amino acids at defined positions of the peptide that can bind to 

a given HLA-I allotype. Thus the pocket architecture creates “allele-specific” peptide 

binding motifs that selects for peptides with particular amino acids at specific positions 

in the peptide (so-called dominant and sub-dominant “anchor” residues) (32). For 

example residues Asp74, Asp77 and Asp116 line the F pocket of HLA-A*68, creating an 

electronegative environment which in turn selects for peptides that have a positively 

charged amino acid at the C-terminus (Figure 1.1B) (33-35). In contrast, the equivalent 

resides in HLA-A*02:01 combine to create a hydrophobic pocket, which selects for 

peptides that have a leucine or valine at the C-terminal position (32,36,37). 

Polymorphisms in such regions therefore create HLA allotype-specific peptide 

repertoires, which then impact recognition by both the TCR and NK cell receptors. 

(32,38).  
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Figure 1.2. Top down structural view of the HLA-I α1 and α2 domains with the six 

peptide binding pockets A to F labelled. 

Coloured residues contribute to the formation of the peptide binding pockets, with each 

colour representing the binding pockets A (red), B (blue), C (green), D (yellow), E 

(purple) and F (orange). The numbered residues are those identified to be highly 

polymorphic amongst HLA-I. Reproduced from Barber et al. (11). 

 

NK cells are lymphocytes with cytotoxic potential that play a vital role in the innate 

immune response (39). In humans, NK cells typically make up about 10-20% of the 

lymphocytes in peripheral blood, making them the third largest subset of lymphocytes 

after B and T cells. In addition to peripheral blood, NK cells are also present in various 

organs such as the lungs and secondary lymphoid tissues, as well as in the developing 
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trophoblast where they are the most abundant leukocyte subset during the first trimester 

of pregnancy (40-44).  

 

NK cells are most often characterised as cells that express CD56 but which lack cell 

surface CD3 (45-47). They originate from CD34+ve hematopoietic progenitor cells of the 

bone marrow and their subsequent development and maturation is influenced by 

interactions with bone marrow stromal cells (48-50). Consistent with this, in vitro data 

suggests that stromal cells are required for hematopoietic stem cells to develop into NK 

cells (51-55) with the engagement of stem cell factor (SCF) by c-kit being critical in this 

process (53). Similarly, cytokines such as interleukin (IL)-2 and IL-15 also play an 

important role in NK cell development (41,46,47,56,57). The dependence of IL-15 in NK 

cell development has been linked to the expression of the transcription factor Nfil3 

(58,59), which is required for NK cell development (58,60,61).  

 

NK cell activation is driven by numerous receptors that either interact with specific 

ligands on target cells, antibody bound to target cells or soluble factors such as 

cytokines (see section 1.4) (62-69). While a number of activating receptors expressed 

by NK cells detect the presence of “stress-induced” ligands, some also recognise 

ligands such as Nectin-2 that are constitutively expressed on various cell types. 

Counterbalancing these signals are inhibitory receptors that typically recognise ligands 

that are usually widely expressed, the most well documented being HLA-I proteins.  
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The capacity of NK cells to use the presence or absence of HLA-I to discriminate 

between normal and transformed cells was first noted by Karre and Ljunggren who 

articulated this conceptually in the “missing-self hypothesis” where the expression of 

HLA class I proteins protected tumour cells from recognition or rejection by NK cells 

(Figure 1.3) (39,70-72). Yokoyama and colleagues identified a molecular mechanism 

supporting this hypothesis, showing that expression of the murine MHC class I molecule 

H-2Dd protected target cells from lysis by Ly49(A)-expressing NK cells (73,74). This 

concept was extended in humans through the discovery of a series of proteins, now 

termed the Killer cell Immunoglobulin-like Receptor family (KIR), which parallels the 

Ly49 family in mice. NK cells expressing distinct KIR, originally namely p58.1, p58.2 and 

NKB1, were inhibited by the expression of discrete subsets of HLA-C and -B allotypes 

on target cells (75-77). Ultimately, it is the balance between these diverse groups of 

activating and inhibitory signals that governs NK cell responses (78,79) and the capacity 

of NK cells to target abnormal cells that lack HLA-I that allows them to complement the 

activity of CD8+ve T cells. 
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Figure 1.3. The “missing self” hypothesis. 

NK cells express both activating and inhibitory (KIR) receptors, which probe the target 

cell for respective ligands. When inhibitory receptors engage with a “self” HLA-I ligand, 

activating signals are overridden and the target is spared from NK cell killing. In the 

absence of HLA-I interaction, the NK cell is activated, resulting in lysis of the target cell. 

 

Target cell recognition by an NK cell occurs within a well-defined area of contact termed 

the “immune synapse” (IS) (80). Formation of the IS is a highly regulated process, 

initiated by the close proximity and binding of adhesion proteins such as Lymphocyte 

function-associated antigen 1 (LFA-1) with Intercellular Adhesion Molecule 1 (ICAM-1) 

on the NK cell and target cell respectively (81). This is followed by the recruitment of 
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activating receptors and their respective ligands into distinct organized clusters in the 

mature NK cell immune synapse, forming a “bull’s eye” arrangement in a 

Supramolecular Activation Complex (SMAC) (Figure 1.4; right panel) (82,83). 

Adhesion molecules such as LFA-1 play an important role in mediating the formation of 

a tight conjugate between the NK cell and target cell by inducing actin polymerization 

and the accumulation of filamentous actin for NK cell activation and degranulation 

(84,85). However in the presence of ligands for inhibitory receptors such as KIR, the 

receptors form micro-clusters within the peripheral SMAC of the IS, which subsequently 

initiate inhibitory signalling (83,86-88) (see section 1.3). Therefore the recruitment and 

arrangement of activating and inhibitory receptors with their respective ligands is critical 

in this process (89).  

 

Upon activation, NK cells typically release preformed granules containing proteins such 

as proteases (granzymes) and perforin, into the IS (80). Following their release, perforin 

forms pores in the target cell membrane to allow the passage of granzymes into the 

target to trigger a cascade of events leading to apoptosis (90). This confined delivery of 

cytotoxic granules also avoids unintentional damage to the neighbouring cells (91). 
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Figure 1.4. NK cell activation pathway. 

Upon formation of an activating IS, the engagement of NK cell activating receptors with 

their ligands induces the phosphorylation of membrane proximal signalling molecules 

that are part of a signalosome comprised of many signalling and adapter molecules at 

the central Supramolecular Activation Cluster (cSMAC). The subsequent signalling 

cascade leads to Microtubule-Organizing Center (MTOC) polarization and granule 

exocytosis via the main PI3K (Phosphoinositide 3-kinase)– MAPK1 (mitogen-activated 

protein kinase 1) and PLCγ (Phosphoinositide phospholipase C γ)– JNK (c-Jun N-

terminal Kinases) pathways. Positive feedback loops marked by “+” are generated, 

which further stimulates actin polymerization at the periphery and the polarization of the 

MTOC to the IS. Reproduced from Krzewski and Coligan (86). 

 

While peripheral blood NK cells are typically identified based on their expression of 

CD56, they are commonly divided into two subpopulations, with those expressing lower 

levels of CD56 (CD56dim) constituting about 90% of the total NK cell population (92). 

CD56dim cells typically exhibit higher levels of cytotoxicity against transformed cells 
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whereas CD56bright cells readily produce chemokines and cytokines and are mainly 

found in secondary lymphoid tissues (92). Several studies have suggested that the 

CD56dim NK cell subset is derived from CD56bight cells identifying CD56-fibroblast growth 

factor receptor 1 interaction and activating signals such as IFN-α as important driving 

factors (92,93). In addition to variation in the level of expression of CD56, NK cells are 

also extremely heterogeneous with respect to many additional receptors (listed in Table 

1.1), including KIR, NKG2A, Leukocyte Immunoglobulin-like Receptor subfamily B 

member 1 (LILRB1) and CD16, which have been associated with distinct functional 

responses and maturation differences. Indeed multiparameter profiling of cell surface 

receptors expressed by NK cells suggests that there are as many as 30,000 different 

subsets within an individual and perhaps 50,000 at a population level (94).  

 

Table 1.1 Natural Killer cell receptors in humans 

Receptor Ligand Inhibitory/ 
activation 

CD100 CD72 Activating 

CD16 (FcγIIIA)  Fc regions of IgG Activation 

CD160 HLA-C Activating 

CD27 CD70 Activating 

CD96 NECL5 Activating 

CRTAM Necl-2 Activating 

DNAM-1 PVR (CD155) 
Nectin-2 (CD112) 

Activation 

NKp30 B7-H6 Activation 
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NKp44  Platelet-derived growth factor-DD Activation 

NKp46 Not defined Activating 

PSGL L-selectin Activating 

SLAMF4 (2B4) CD48 Activating 

SLAMF6 NTB-A Activating 

SLAMF7 SLAMF7 Activating 

NKG2D MICA/B and ULBP Activation 

CD94:NKG2C 
CD94:NKG2E 
CD94:NKG2H 

HLA-E loaded with peptides from 
the leader sequences of HLA -A, -
B, -C & -G 

Activation 

Killer cell immunoglobulin like 
receptor: short tailed (3D/2DS) 

HLA-C, -Bw4 or -F Activation  

Killer cell immunoglobulin like 
receptor: long tailed (3D/2DL) 

HLA-A, -Bw4 or -C Inhibitory 

CD94:NKG2A  
CD94:NKG2B  

HLA-E loaded with peptides from 
the leader sequences of HLA -A, -
B, -C & -G 

Inhibitory  

Leukocyte Inhibitory Receptors 
(LIR)-1 (LILRB1) 

HLA-I (α3 domain) Inhibitory  

KLRG1 Cadherins Inhibitory 

LAIR1 Collagen Inhibitory 

SIGLEC-3/-7/-9 Sialic acid Inhibitory 

*NK cell receptors are arranged from activating to inhibitory. Receptors with HLA-I 
ligands are highlighted in grey (62-69). 
 

Upon recognition of their ligands, activating receptors on NK cells set off a cascade of 

signalling events. Some receptors such as 2B4 (CD244) directly transduce an activating 

signal through well-defined signalling motifs present within their cytoplasmic domain. 
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Perhaps more commonly however, adaptor proteins such as DNAX-activating protein of 

12 kDa (DAP12) or DAP10 that typically possesses a signalling motif are required for 

the transduction of activation signals (Figure 1.4). Activating receptors that utilise these 

adaptor proteins usually have a short intracellular tail and a charged residue within their 

transmembrane domain that facilitates association with the adaptor protein (95). For 

example the cytoplasmic region of DAP12 contains Immunoreceptor Tyrosine-based 

Activating Motifs (ITAM) similar to those found in CD3 while that of DAP10 possesses a 

YxxM motif that is typically associated with the recruitment of phosphoinositide 3-kinase 

(PI3K) (96). Following NK cell activation, numerous downstream signalling molecules 

including LAT, Src, ZAP70, Vav-1, JNK (c-Jun N-terminal Kinases) or ERK1/2, are 

phosphorylated, which are crucial for the re-arrangement of microtubule-organising 

centre (MTOC) and polarization of lytic granules to the IS via the PI3K– MAPK1 and 

PLCγ–JNK pathways (97-104).  

 

In contrast, inhibitory receptors typically contain Immunoreceptor Tyrosine-based 

Inhibitory Motifs (ITIM) in their cytoplasmic tails that, following tyrosine phosphorylation, 

serve as a docking site for phosphotyrosine phosphatases such as SHP (Src-homology 

domain-bearing tyrosine phosphatase)-1 and SHP-2, which can then dephosphorylate 

molecules such as Vav-1 (105-108) to inhibit activation (108,109).  
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Natural Cytotoxicity Receptors (NCR) belong to the Immunoglobulin (Ig)-like superfamily 

and include NKp30, NKp44 and NKp46 (110,111). These NCRs are highly conserved 

and are important for NK cell recognition of transformed cells (112,113). The expression 

of NKp30 and NKp46 is constitutive on all NK cells, whereas NKp44 is expressed on 

activated NK cells and subsets of Innate Lymphoid Cells (ILC) (69,114,115).  

 

NKp46 has two extracellular Ig-like domains and an arginine residue in its 

transmembrane domain that associates with an aspartate residue in the transmembrane 

region of the accessory proteins CD3ζ or FcRγ (111,116,117). The accessory proteins 

themselves are either disulphide-linked homodimers or heterodimers (CD3ζ-CD3ζ, 

FcRγ-FcRγ or CD3ζ-FcRγ) and contain ITAM for activating signal transduction (118-

120). NKp46 was also reported to interact with the hemagglutinin (HA) of several 

viruses including influenza virus (121-125). In addition, NKp46 (or Ncr1) knockout mice 

demonstrated a decreased ability to control and eliminate transformed cells such as the 

melanoma cell line B16 (122,126-132), suggesting other unidentified self and/or tumour-

specific ligands for NKp46.  

 

NKp30 has one Ig-V-like extracellular domain and, similar to NKp46, has an arginine in 

its transmembrane region which allows for its association with CD3ζ and FcRγ (111). 

While a number of ligands have been proposed, perhaps the most convincing evidence 

suggests that NKp30’s primary ligand is B7-H6 (133,134), expressed on some 
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transformed cells including a number of leukaemias (134). In addition to self-encoded 

ligands, pathogen-encoded molecules may also engage NKp30. For example, pathogen 

membrane protein PfEMP1 of Plasmodium falciparum has also been implicated as a 

ligand, with recombinant NKp30 found to bind to both PfEMP1 peptides in an ELISA 

assay as well as to Plasmodium falciparum infected erythrocytes (135). 

 

NKp44, like NKp30, is also a receptor that contains a single V-type Ig domain in its 

extracellular region. However it differs from NKp46 and NKp30 in that it possesses a 

lysine residue in its transmembrane region that drives association with DAP12 rather 

than with CD3ζ or FcRγ (115,136). A variety of ligands for NKp44 have been proposed 

including the tumour-associated protein MLL5 along with virus-encoded HA that binds 

sialic acid moieties on the NKp44 stem (122,123,125,137,138). Recently, screening a 

secretome protein library using a reporter cell expressing an NKp44-CD3 fusion protein 

combined with Surface Plasmon Resonance (SPR), Barrow et al. have shown that the 

platelet-derived growth factor-DD, which is the activated form of platelet-derived growth 

factor-D after proteolytic processing, may be a high affinity ligand for NKp44 (139). It 

was further demonstrated that the platelet-derived growth factor-DD could activate 

NKp44+ve NK cells in a specific manner with activation blocked by an NKp44 blocking 

antibody (139). 
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NK cells also commonly express a number of receptors belonging to the C-type lectin-

like superfamily that are encoded within the Natural Killer Cell complex (NKC) of genes 

on chromosome 12 p13.1 (140). This complex includes the genes encoding NKRP1A, 

CD69, CD94, NKG2 and KLRG1, all of which are expressed on NK cells (141). NKG2D 

was first identified by Houchins and colleagues using subtractive library screen between 

B and NK cell cDNA libraries (142,143). It was subsequently found that NKG2D formed 

homodimers that associate with DAP10 (144) and recognised a series of stress-induced 

ligands (145-148) that all possess an MHC-I-like structure (two α helixes positioned 

above a β-pleated sheet). These ligands include the MHC class I chain related 

molecule-A/-B (MICA/B) and UL16 binding proteins (ULBP) (149,150), as well as Rae-1 

and H-60 in mice (151-153). Notably, while having an MHC-I-like fold, the NK2D ligands 

do not bind peptide or associate with β2m (154). 

 

In contrast to NKG2D, the other NKG2 polypeptides are largely found associated with 

CD94 and constitute the heterodimeric CD94-NKG2 receptor family. There are three 

additional NKG2 genes, -A, -C and -E, with alternative splicing of NKG2A creating 

NKG2B, and alternative splicing of NKG2E creating NKG2H (155-158). NKG2A/B both 

possess ITIMs and are inhibitory receptors whereas the other isoforms are activating 

receptors that lack ITIMs and possess a positively charged residue in their 

transmembrane region that facilitates their association with the adapter protein DAP12 

(159-163) (Table 1.1.).  
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The CD94/NKG2 receptors bind the highly conserved non-classical HLA-I protein, HLA-

E (164). The peptide-binding groove of HLA-E is highly restricted and ideally suited to 

bind a conserved set of peptides derived from residues 3-11 of the leader sequence of 

other HLA class I proteins (164,165). HLA-E is typically expressed at low levels on the 

cell surface, which is influenced by allotypic variation in these leader sequence peptides 

with position 4 of the leader sequence corresponding to a dominant anchor position for 

peptide binding to HLA-E (166,167). HLA-I allotypes such as HLA-A*02, -B*08 or -C*03 

that possess a methionine at position 4, the preferred anchor residue, all encode 

peptides that stabilize HLA-E better than those peptides derived from allotypes such as 

HLA-B*57 that have a threonine at this position.  

 

Similarly, allotypic variation in other positions between residues 3-11 of the HLA-I leader 

sequence can also impact receptor recognition, perhaps most notably the substitution of 

a threonine for alanine as occurs in HLA-C*07 (VMAPRALLL) impairing interaction with 

the CD94-NKG2 receptor itself. Thus recognition of HLA-E by CD94-NKG2 receptors is 

highly dependent on the sequence of the HLA-E-bound peptide, firstly from the 

relatively stringent sequence requirements for HLA-E binding and then secondarily, via 

a requirement for the exposed residues such as positions 5 and 8 to facilitate contacts 

with the receptor (168-171).  
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The low-affinity receptor CD16 (FcγIIIA) is an activating receptor expressed on 

macrophages, monocytes and NK cells (172). CD16 has two Ig-like domains and 

associates with the adapter proteins CD3ζ and FcRγ. Like other Fcγ receptors, it binds 

to the Fc region of antibodies of the IgG isotype, notably IgG1 and 3 (173,174). 

Crosslinking of CD16 by cell associated Fc regions is an extremely potent activating 

stimulus triggering more potent degranulation and cytokine production by resting NK 

cells compared to the activation induced by 2B4, CD2, DNAM-1, NKG2D or NKp46 

crosslinking, which typically requires the co-engagement of an additional activating 

receptor to stimulate NK cell effector functions (101,175). 

 

The members of the Leukocyte Immunoglobulin-like Receptors (LIR) family have four 

extracellular immunoglobulin domains and include both activating and inhibitory 

receptors (68,176). Amongst them, the Leukocyte Immunoglobulin-like Receptor 

subfamily B member 1 (LILRB1) is expressed on NK cells, recognises most HLA-I 

allotypes and possesses four ITIMs in its cytoplasmic region (177-180). The crystal 

structure of the D1 and D2 immunoglobulin domains of LILRB1 complexed to HLA-

A*02:01 (177) revealed contacts between LILRB1 and the conserved regions of the 

HLA-I α3 domain and β2m. The expression of LILRB1 is not restricted to NK cells as it is 

also expressed on other hematopoietic cells including B and T cells along with antigen 

presenting cells (68,176,181). The LILRB1 gene is also polymorphic, however aside 
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from being associated with differences in cell surface expression, the significance of this 

is currently unclear (182).  

 

LILRB1 has been implicated in the immune escape of tumour cells (183,184) and 

immunotolerance (185,186). For example, some studies have shown that reduced 

expression of LILRB1 as a result of promoter polymorphisms was associated with 

autoimmune diseases such as rheumatoid arthritis (182,187). In addition to HLA-I 

molecules, LILRB1 can also bind to the UL18 protein of HCMV, which has been 

postulated as a mechanism of immune evasion (178).  

 

The first human NK cell receptors shown to interact with HLA-I proteins were members 

of the KIR family. This is a large multi-gene family of immunoreceptors expressed on 

NK cells and subsets of T cells. The genetic locus encoding this family is extremely 

diverse exhibiting significant variation in both gene content and gene sequence (188). 

Members of the KIR family possess either 2 or 3 extracellular Ig-like domains (174-177). 

These Ig-like domains, are termed D0, D1 and D2 (189,190) and mediate interactions 

with HLA-I molecules (see section 1.5) (Figure 1.5). Additionally, there is variation in 

the length (and function) of the cytoplasmic region, where receptors with long (L) 

cytoplasmic tails typically contain ITIMs (191,192) while those with short (S) intracellular 

regions lack such motifs but contain a charged residue in their transmembrane region 
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that facilitates their association with ITAM-containing adaptor molecules such as DAP12 

(193).  

 

On the basis of their domain structure, the KIR are thus classified into three groups, 

each consisting of activating and inhibitory molecules, with variation in the extracellular 

Ig-like domains; (1) KIR2D with D1 and D2 domains (2DL1/L2/L3/S1/S2/S3/S4/S5); (2) 

KIR2D with D0 and D2 domains (2DL4/5); and (3) KIR3D with D0, D1 and D2 domains 

(3DL1/L2/L3/S1) (194). Finally within the KIR locus there are also pseudogenes which 

are denoted by a “P” rather than L or S (195-197). 

 

With the exclusion of the pseudogenes, fifteen KIR have been identified each 

possessing either activating or inhibitory potential. KIR2DL4 is distinct possessing both 

an ITIM and a charged transmembrane residue that allows recruitment of FcεRI-γ (198) 

and while its in vivo function remains unclear, in vitro analyses have identified both 

activating and inhibitory potential (199,200). KIR3DL2 also differs from other inhibitory 

KIR in that its cytoplasmic tail contains only one ITIM, with the second ITIM being 

replaced by an Immunoreceptor Tyrosine-based Switch Motif (ITSM) (Figure 1.5). 

These motifs have been shown to recruit the signalling molecules SHP-2 and SAP 

which have been associated with both inhibitory and activating signalling (201-205). 
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Figure 1.5. Killer cell immunoglobulin-like receptors. 

The KIR can be categorised into inhibitory KIR and activating KIR. Inhibitory KIR, such 

as KIR3DL1, KIR3DL2, KIR2DL1, KIR2DL2/3 and KIR2DL5, have a long intracellular 

tail containing two ITIMs or a combination of ITIM and ITSM-like domains. The 

activating KIR, such as KIR2DS1, KIR2DS2, KIR2DS4 and KIR3DS1, have a short 

cytoplasmic tail and a charged residue in the transmembrane domain, which facilitates 

association with adapter proteins. KIR2DL4 possesses both inhibitory and activating 

capabilities with one ITIM and a charged residue in the transmembrane domain. Each 

KIR has a specific HLA-I ligand: HLA-I molecules with the Bw4 motif are ligands for 

KIR3DL1; HLA-A3/A11 are ligands for KIR3DL2; HLA-C2 are ligands for KIR2DL1 and 

KIR2DS1; HLA-C1 are ligands for KIR2DL2/L3 and KIR2DS2; HLA-G are ligands for 

KIR2DL4; HLA-A3 and HLA-C are ligands for KIR2DS4 and HLA-F and possibly some 

Bw4+ve HLA-I are ligands for KIR3DS1. Adapted from Saunders et al. (206). 
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The KIR genes are encoded within the Leukocyte Receptor Complex (LRC) on 

chromosome region 19 and span 100-200 kilobases (kb) (207). The KIR loci within the 

LRC are named KIR2DL1, KIR2DL2/L3, KIR2DL4, KIR2DL5A/B, KIR2DS1, KIR2DS3, 

KIR2DS4, KIR2DS5, KIR3DL1/S1, KIR3DL2 and KIR3DL3 along with two pseudogenes, 

KIR2DP1 and KIR3DP1 (193). KIR2DL2 and KIR2DL3 are allelic variants of the same 

locus, as are the activating KIR3DS1 and the inhibitory KIR3DL1 (141,208-210). 

Phylogenetic analysis of DNA sequences in comparison with simian primate genes 

have suggested that there are four distinct KIR lineages in humans; lineage I 

(KIR2DL4/L5A/5B), lineage II (KIR3DL1/L2/S1), lineage III 

(KIR2DL1/L2/L3/S1/S2/S3/S4/S5 and the pseudogenes KIR3DP1 and KIR2DP1), and 

lineage V (KIR3DL3) (211). 

 

KIR genes typically contain nine exons and range from 10-16 kb in length depending on 

the number of domains, the type of domains and the length of the cytoplasmic tail. 

Exons 1 and 2 encode the leader sequence followed by exons 3, 4 and 5 that encode 

the D0, D1 and D2 domains respectively, and lastly exons 6 to 9 that encode the stalk, 

transmembrane region and cytoplasmic tail. In the lineage I KIR, exon 4, encoding the 

D1 domain, is deleted but exon 3 is translated thus generating 2D KIR with D0 and D2 

domains. On the other hand, the two domain KIR within lineage III have eight coding 

exons along with a pseudo-exon (exon 3, encoding D0 domain), which is skipped during 

splicing of the pre-mRNA due to a substitution located in the intron 2 – exon 3 splice site 

(194). 



25 
 

 

Amongst the KIR3D genes (KIR3DL1/L2/L3/S1/P1), the longest is KIR3DL2 spanning 

16,256 bp and 1368 bp in genomic DNA and cDNA length respectively (193). Aside 

from KIR3DL3, which lacks exon 6, all KIR3D genes possess nine exons (212). 

Consistent with differences in function, there are marked variances in the length of exon 

9, which encodes the cytoplasmic region, with the shortest only encoding for 14 aa in 

the case of KIR3DS1 and the longest encoding for 108 aa in the case of KIR2DL4 

(189,213,214). The pseudogene KIR3DP1 shares high sequence identity to KIR3DL3, 

however it completely lacks exons 6 through 9 and, in some haplotypes, exon 2 as well 

(215).  

 

The KIR genes are arranged on chromosome 19 in a head to tail fashion, each spaced 

approximately 2.4 kb apart (216). Huge variation exists between individuals in regard to 

the number and the sequence of the individual KIR genes they possess. However, there 

are four “framework” genes, KIR3DL3, 3DP1, 2DL4 and 3DL2 that are present on all 

haplotypes (Figure 1.6). The positioning of these creates a centromeric cluster of KIR 

genes flanked by KIR3DL3 and 3DP1, and a telomeric cluster flanked by KIR2DL4 and 

3DL2 (217).  
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Figure 1.6. KIR gene haplotypes. 

KIR gene arrangements can be grouped into two broad haplotypes, A and B. Haplotype 

A contains a distinct set of KIR genes that are mostly inhibitory KIR, except for the 

activating KIR2DS4. Haplotype B can be any combination of KIR genes containing both 

activating and inhibitory KIR. There are four framework genes that are constant within 

all haplotypes: KIR3DL3 and KIR3DP1 flank the centromeric genes, and KIR2DL4 and 

3DL2 flank the telomeric genes. Adapted from Hiby et al. (218). 

 

While there is extensive diversity across the KIR loci in all populations examined to date 

(219,220), two broad classes of haplotype have been defined based on gene content 

(188). Haplotype A contains a fixed set of KIR genes, KIR3DL3, KIR2DL3, KIR2DP1, 

KIR2DL1, KIR3DP1, KIR2DL4, KIR3DL1/S1, KIR2DS4, and KIR3DL2, all of which are 

inhibitory except for KIR2DS4. All other combinations of KIR genes are considered to be 
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of the B haplotype or a recombinant between the centromeric region or the telomeric 

end of A and B haplotypes (221).  

 

In general, B haplotypes have more variability in the number and combination of KIR 

genes present (KIR2DL2, KIR2DL5A/B, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 and 

KIR3DL1/S1), such that more than 40 B haplotypes have been defined based on gene 

content (222). B haplotypes can contain up to five activating KIR (KIR2DS1/S2/S3/S5 

and KIR3DS1) as well as the inhibitory KIR2DL2 and KIR2DL5 (223). Notably, some 

KIR genes found in haplotype A can also be found on haplotype B, such as the 

KIR3DL1/S1 that is located on the telomeric end of haplotype A, which results in a high 

frequency (>80%) of individuals possessing KIR3DL1/S1 (224). 

 

There is also unequal crossing over of KIR genes or regions of the KIR haplotypes 

resulting in the expansion and contraction of the KIR gene region, which can also 

influence the positioning of KIR genes. Gene deletion or duplication events have also 

been observed, where multiple copies of a KIR gene can be found within the same 

haplotype (209) or alternatively, contracted haplotypes that have a reduced number of 

KIR (225).  

 

Discrete groups of HLA-I allotypes have been identified as ligands for several of the KIR, 

predominantly the inhibitory receptors (Figure 1.5) (226,227). Colonna and colleagues 
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showed that individual NK cell clones could discriminate between two groups of HLA-C 

allotypes (228). These HLA-C groups were defined by the amino acids present at 

positions 77 and 80, where so-called C1 allotypes possessed a serine and an 

asparagine respectively, whereas C2 allotypes possessed an asparagine and lysine at 

these positions (229-232). Subsequently, the distinct receptors KIR2DL2/3 and 

KIR2DL1 expressed on NK cells were shown to recognise these two groups of HLA-C 

allotypes (189).  

 

Similarly, functional analyses showed that HLA-I allotypes such as HLA-B*57 and -B* 

27 were capable of inhibiting a subset of NK cells that stained with the monoclonal 

antibody (mAb) DX9, which was specific for the KIR3DL1 receptor. Further analyses 

showed that these NK cells were inhibited by the expression of HLA-I allotypes that 

possessed the Bw4 motif, a small region on the α1 helix spanning aa 77-83 and present 

on subsets of HLA-A and -B allotypes (233-236). The remaining HLA-B allotypes, which 

possessed the Bw6 (SLRNLRG) motif at this position, were not capable of inhibiting NK 

cell activation via a KIR3DL1-dependent mechanism (233,234,237).  

 

The recognition of HLA-A allotypes by KIR3DL2 was initially demonstrated in two ways; 

firstly through the use of recombinant KIR3DL2 proteins that bound HLA-A*03 

expressing cells (238), and secondly by observing that the expression of HLA-A*03 and 

-A*11 on target cells protected them from lysis by KIR3DL2+ve NK cell clones (239). The 

interaction of KIR3DL2 with HLA-A*03 and -A*11 was subsequently found to be highly 

peptide specific where recombinant HLA-A tetramers presenting a variety of pathogen 
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derived peptides only bound to cells expressing KIR3DL2 when incorporating the EBV 

peptide RLRAEAQVK (240).  

 

Similar to the inhibitory KIR, the activating KIR also appear to recognise discrete 

subsets of HLA-I allotypes. KIR2DS1 and KIR2DS2 share a high degree of sequence 

identity with KIR2DL1 and KIR2DL2/L3 respectively (241,242). KIR2DS1 differs from 

KIR2DL1 at seven amino acids and KIR2DS2 differs by four amino acids from 

KIR2DL2/L3 (243,244). Indeed, like KIR2DL1, KIR2DS1 has been shown to recognise 

HLA-C2 allotypes while there is accumulating evidence that while not broadly C1 

reactive, KIR2DS2 can recognise some HLA-C1/peptide combinations (245-247). 

Functional and binding studies demonstrate that although KIR2DS1 recognise HLA-C2 

allotypes, the interaction is weaker than with KIR2DL1 (193,207,242). The weaker 

binding of KIR2DS1 was attributed to the presence of a lysine rather than a proline at 

position 70 (246,248,249). 

 

KIR2DS3 and KIR2DL5 share high sequence homology with KIR2DS1/S2 while 

KIR2DS4 is more closely related to KIR3DL2 (250). Given this high degree of identity, 

the specificity of activating 2D KIR has been thought to be largely for HLA-C allotypes 

but, with the possible exception of KIR2DS1, the evidence to support this is not 

overwhelming.  
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Although it had been speculated that KIR3DS1, which shares high sequence homology 

to KIR3DL1, similarly recognises HLA-Bw4, there is little evidence that it is a strong 

ligand (251,252). Interestingly, recent studies have suggested that the non-classical 

class I molecule HLA-F and in particular when in an “open conformation” is a high 

affinity ligand for KIR3DS1 (see section 1.5.3) (253-255).  

 

Finally, the ligands for some activating KIR remain to be identified. For example, 

KIR2DS3 and KIR2DS5 exhibit minimal binding to any of the HLA-C ligands assessed 

to date. Similarly while there is some evidence that KIR2DS4 may bind a limited set of 

HLA-C allotypes and, similar to KIR3DL2, HLA-A*11:01, there is little functional data to 

support the significance of these interactions (248-250). Taken together, although there 

is high sequence homology amongst the different 2D KIR, they appear to have a more 

restricted ligand specificity that largely results from the limited sequence variation from 

their inhibitory counterparts.  

 

Structural analyses show that inhibitory KIR all bind their respective HLA-I ligands in a 

similar manner (189,190,256). Unlike the T Cell Receptor (TCR), which typically binds in 

a diagonal mode across the HLA-I molecule making contact with both the α1 and α2 

helixes and peptide, KIR bind in an orthogonal manner over the α1 and α2 helixes but 

positioned over the C-terminal residues of the bound peptide (Figure 1.7) (233). All KIR 

possess a D2 domain that interacts with a discrete set of highly conserved residues in 

the α2 helix of the HLA-I (aa 142-151) (256) while it is the D1 domain that interacts with 
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polymorphic regions of the α1 helix that define the C1, C2 and even Bw4 KIR ligand 

groups (aa 77-83).  

 

 

Figure 1.7. KIR and TCR binding footprints on HLA-I molecules. 

KIR and αβ T-cell receptor (TCR) bind to overlapping sites on HLA-I molecules. The 

areas of KIR and TCR binding on the MHC class I α1 and α2 regions are denoted by 

the red and green highlighting, respectively. Yellow shows areas involved in the binding 

of both KIR and TCR. Position 80 and 83 on the HLA-I, which are critical for the binding 

of KIR3DL1 to the Bw4 epitopes of HLA-A and HLA-B, are noted. PDB ID:1EFX. 

Reproduced from Parham et al. (257). 

 

The crystal structures of KIR2DL1 and KIR2DL2 in complex with HLA-C*03:04 and -

C*04:01 respectively have been solved and in part define the molecular mechanisms 

underpinning receptor specificity. Both KIR make contact with HLA-C via two loops in 

the D1 domain, three loops in the D2 domain and one loop in the hinge region 
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connecting the two domains (258-262). A common feature within the contact loops are 

negatively charged residues (aspartate or glutamate), which face positively charged 

surfaces on HLA-C.  

 

The preference of each KIR for a specific group of HLA-C molecules is attributed to 

residue 44 of the KIR, where a methionine in KIR2DL1 and a lysine in KIR2DL2 dictate 

specificity for C2 or C1 respectively (229,248,263). Winter and colleagues showed that 

exchanging the amino acid at position 44 between recombinant KIR2DL1 and KIR2DL2 

was sufficient to swap their binding specificity to HLA-C1 or C2 allotypes (229). At the 

molecular level, Lys44 of KIR2DL2 forms a hydrogen bond with Asp80 of HLA-C1 that 

would not form if either a methionine is present at position 44 of the KIR or alternatively 

if a lysine is present at position 80 of the HLA-C (as in HLA-C2) (264). In the case of 

KIR2DL1, Met44 sits within a negatively charged pocket between the D1 and D2 

domains in which Lys80 of HLA-C2 sits and forms a salt bridge with Glu187 and 

hydrogen bond with Ser184. Replacement of lysine 80 in HLA-C2 would likely disrupt 

the formation of these interactions and a substitution at position 44 in KIR2DL1 to 

methionine would result in a charge repulsion and steric hindrance with Lys80 of the 

HLA-C2 (264).  

 

KIR2DL2 and KIR2DL3 share the same locus and are considered allelic variants of 

each other, with the polymorphic differences at positions 16 and 148 being suggested to 

impact on their ability to recognise HLA-C1 ligands (241,265,266). Although these two 

residues do not directly contact HLA-C1, they are located in proximity to the ligand-
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binding interface and may influence the hinge angle between the D1 and D2 domains 

(259,265). Interestingly, by testing recombinant KIR2DL2 and KIR2DL3 molecules on a 

panel of HLA-C1 and -C2 coated beads, Moesta and colleagues demonstrated that 

KIR2DL2 had a higher degree of cross reactivity compared to KIR2DL3 (265). The 

physiological significance of this potential for cross reactivity is currently unclear. 

 

The peptides presented by the HLA-I ligands also play a critical role in recognition by 

KIR (246,267,268). Several studies using TAP-deficient cell lines together with specific 

synthetic peptides to create arrays of homogeneous peptide-HLA-I complexes on the 

cell surface have demonstrated that KIR not only require the presence of the peptide in 

association with the HLA-I, but that KIR are sensitive to the peptide sequence (269-272). 

Several other studies found that residues at position 7 and 8 are the most critical for KIR 

recognition (260,270). Structural studies are consistent with this view. For example, in 

the structure of KIR2DL2 complexed to HLA-C*03:04 and the GAVDPLLAL peptide, 

direct contacts were observed between Leu104 and Gln71 of KIR2DL2 and position 7 

and 8 of the peptide respectively (260).  

 

The structure of KIR2DL1 with HLA-Cw4 and QYDDAVYKL peptide, showed limited 

contact between KIR2DL1 and the peptide, with only Glu187 making a water-mediated 

contact to the peptide at position 9 (258). Positively charged residues were observed to 

be unfavourable at position 8 of the peptide where surrounding this residue are 

negatively charged and polar residues (258,270). Although it has been shown that 

individual peptides presented by HLA-I are important in KIR recognition, it remains 
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unclear the extent to which changes in peptide repertoire that might result from viral 

infection and or transformation impact in vivo on KIR recognition.  

 

While the earliest studies implicated HLA-C as a ligand for inhibitory NK cell receptors, 

parallel work by Lanier and Parham showed that expression of HLA-I alleles that 

possessed the Bw4 motif could protect targets from NK cells that expressed “NKB1”, 

subsequently renamed KIR3DL1 (273). The crystal structure of KIR3DL1 in complex 

with one of its Bw4 ligands (256,274,275) (Figure 1.8), HLA-B*57:01 with the LF9 

peptide, showed that the D0 domain of KIR3DL1 made contacts with the HLA-I loops 

spanning aa 14-18 and aa 88-92, both of which are highly conserved across HLA-I 

allotypes (256). This was thus consistent with the concept proposed by Khakoo et. al, 

suggesting that the D0 domain acted as an HLA-I binding enhancer (276). The D1 and 

D2 domains were positioned above the HLA-I in a manner similar to that of both 

KIR2DL1 and KIR2DL2 with the D1 domain of KIR3DL1 sitting over the Bw4 motif within 

the α1 helix interacting with residues 72, 76, 79, 80 and 83 on HLA-B*57:01 (Figure 1.7) 

(256). The D1-HLA interface, which confers Bw4 specificity, lacked significant charge 

and configuration complimentary compared to the interaction between the D2 and α2 

domains (256). Arg79 of the Bw4 motif contacted Ser140 of KIR3DL1 via a Van der 

Waals interaction and Gly138 via hydrogen bonding (256). However, the side chain of 

Arg79 in the HLA-I faced Lys136 and Ile139 of KIR3DL1 and actually made the 

interaction environment suboptimal (256).  

 



35 
 

 

Figure 1.8. KIR3DL1*001 in complex with HLA-B*57:01/LF9. 

The D1 and D2 domains (yellow/orange) form a “V” shape atop the HLA-I (blue/aqua), 

while the D0 domain wraps around HLA-B*57:01/LF9. The loops in the KIR3DL1*001 

D1 and D2 domains make most contacts with the α1 and α2 helixes and position 8 of 

the loaded peptide, while the KIR3DL1*001 D0 domain stretches towards and contacts 

the β2m. PDB ID: 3VH8 (256) 
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Isoleucine 80, which has been proposed to mark “high affinity” KIR3DL1 ligands, 

interacts with Leu166 of KIR3DL1 within a hydrophobic cavity on the HLA-I created by 

the interaction of Glu76, Arg79 and Arg83 (256). Arg83, an integral component of the 

Bw4 motif has also been observed to be important in the interaction with KIR3DL1 since 

replacing it with glycine (as found in the alternate Bw6 motif) markedly impacted HLA-I 

dependent inhibition of KIR3DL1+ve NK cells (237,277). Similarly, alanine substitutions 

to residue 76, 79, 80 and 83 within the Bw4 motif also resulted in a decrease in 

KIR3DL1 binding, albeit to varying degrees (256).  

 

Interestingly, while it is clear that KIR3DL1 recognises HLA-I allotypes bearing the Bw4 

motif, there is considerable variation in the capacity of distinct Bw4 allotypes to confer 

protection from lysis by KIR3DL1+ve NK cells (252,273,278,279). This in part has been 

attributed to polymorphism within the Bw4 motif where, owing to polymorphisms at 

positions 77, 80 and 81, more than five Bw4 motifs have been reported (280). Early 

studies also noted that KIR3DL1+ve NK cell clones were selectively inhibited by HLA-

Bw4 allotypes with an isoleucine at position 80, suggesting that isoleucine was 

preferred at this position over threonine (the other amino acid present at position 80 in 

Bw4 allotypes) (278). Consistent with this, a number of studies have shown that 

substitution of Ile80 for threonine resulted in decreased binding (256) or inhibition 

(234,237,274). However while some studies found that Ile80 containing allotypes 

conferred better inhibition than those with threonine (279,281-283), this was not a 

universal finding (273,284). For example, HLA-B*52 and Bw4+ve HLA-A allotypes such 

as HLA-A*24:02 contain an isoleucine at position 80, but nevertheless have been found 



37 
 

to be poor ligands for KIR3DL1 (273,275,284,285). Moreover, in the case of HLA-B*27, 

subtypes with a threonine at position 80 were shown to be more protective than those 

with Ile80, such as HLA-B*27:02 (279). Indeed mutation of HLA-B*27:05 at position 80 

from threonine to isoleucine attenuated protection (279). Taken together, these studies 

suggest that the effect of the Ile/Thr dimorphism at residue 80 is dependent on the 

specific HLA-I allotype and hints at additional levels of complexity. 

 

Similar to the 2D KIR, KIR3DL1 recognition is also highly peptide dependant and can be 

highly sensitive to residues at position 8 of the peptide. For example, the introduction of 

charged residues at position 8 of HLA-B27-binding peptides abolished their capacity to 

confer protection from lysis by KIR3DL1+ve NK cells (256,260,269). Similarly, 

subsequent studies focusing on the recognition of HLA-B*57:01 also showed that the 

presence of a glutamic acid at position 8 abrogated binding of KIR3DL1 (256,274). 

However, in contrast to KIR2DL2, KIR3DL1 was observed to be able to accommodate 

larger amino acid residues at position 8 of the peptide possibly due to a small cavity in 

the binding site. Again, acidic residues at position 8 are not tolerated, most likely 

reflecting their lack of charge complementary (256,286,287).  

 

KIR3DS1 is an allotypic variant of KIR3DL1 sharing 97% amino acid homology in the 

extracellular domain suggesting that it would also recognise HLA-I molecules that 

contained the Bw4 motif. However, while genetic studies have supported this concept 
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(1), there is very limited data showing direct interactions between KIR3DS1 and Bw4 

allotypes. Notably, O’Connor and colleagues have shown an interaction with HLA-

B*57:01 that is highly peptide dependent and even then, of much lower avidity than 

seen for many HLA-Bw4/KIR3DL1 interactions (251). More commonly, direct 

interactions between KIR3DS1 and Bw4 allotypes have been essentially undetectable 

using either fusion proteins, reporter cell lines or primary cells (251,287). Structural and 

sequence analyses show that KIR3DS1 differs from KIR3DL1 at four amino acids: 

G138W, P163S, L166R and P199L, changes that are positioned to impact on HLA-Bw4 

recognition (287-289). Consistent with this, in silico modelling suggested that Arg166 of 

KIR3DS1 was likely to cause a steric and charge mediated clash with Arg83 in the HLA-

Bw4 motif that would inhibit binding (251).  

 

Recent evidence suggest that HLA-F, a non-classical HLA-I that does not present 

peptide (290,291) but can associate with other HLA-I open conformers (291) is a high 

affinity ligand for KIR3DS1 (253,254,292). KIR3DS1 was found to bind bead-bound 

HLA-F open conformers unlike other classical (HLA-A, -B and -C) and non-classical 

(HLA-E and -G) HLA-I (253). Surface plasmon resonance experiments further indicated 

that KIR3DS1 had a higher affinity interaction for open conformers of HLA-F compared 

to the other lineage II KIR such as KIR3DL2 and KIR3DL1 (253,254). This was also 

tested functionally to show that KIR3DS1+ve NK cells were highly activated by cells 

expressing HLA-F and also specificity demonstrated by blocking with an anti-HLA-F-

specific antibody (255). 
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KIR3DL2 is reported to bind a variety of ligands such as HLA-A*03/A*11 and HLA-B*27 

heavy chain dimers (240,293,294). KIR3DL2 has also been proposed to bind dimeric 

HLA-B*27 open conformers (in the absence of β2m and peptide) with some evidence 

suggesting that this interaction is stronger than that with HLA-A*03 (240,293-295). 

Overall, similar to the 2D KIR, the lineage II KIR, although sharing a high degree of 

amino acid sequence homology in their extra cellular domains to the HLA-C reactive 

KIR, nevertheless appear to preferentially interact with HLA-A and -B allotypes. 

 

There is considerable variation across KIR haplotypes that is the result of not only 

marked differences in gene content but also derives from high levels polymorphism 

within individual KIR genes. Sequence analyses of the coding regions revealed most 

KIR genes to contain variable sites, with some KIR genes being more variable than 

others (Table 1.2) (189,235,296-298). This allelic diversity within KIR genes likely arises 

due to recombination events, which are then maintained as a result of selection (298).  

 

In comparison to their HLA-I ligands, where variation is concentrated within the peptide-

binding groove, polymorphism in KIR genes is found throughout the molecule, not just in 

regions that are involved in direct ligand interaction (284,298). Indeed, relatively few 

polymorphisms involve direct contacts with HLA-I ligands (206). Some of these 

polymorphisms have been shown to confer specific phenotypic characteristics to a 

given KIR allotype such as its surface expression level and localization (299). An 
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example of this is the polymorphism L86S in KIR3DL1, which results in intracellular 

retention of the protein (see section 1.6.2) (300). Polymorphism can also impact the 

ligand specificity of a number of KIR, such as residue 44 in KIR2DL1 and KIR2DL2 that 

determines their specificity for HLA-C2 and HLA-C1 respectively (see section 1.5.1) 

(229,248,263). Hilton and colleagues identified a naturally occurring polymorphism at 

this position in KIR2DL1 within the KhoeSan population (KIR2DL1*022), where 

replacement of Met44 by lysine impaired KIR2DL1*022 recognition of C2 ligands and 

enhanced that of C1 allotypes (see section 1.6.1) (301).  

 

Polymorphism can also impact on KIR signalling and receptor function. For example, 

KIR3DL1 and KIR3DS1 are alternate forms of the same gene with KIR3DS1 having a 

short cytoplasmic tail and a charged residue in the transmembrane region that allows 

for the subsequent recruitment of activating adapter molecules, whereas KIR3DL1 

possesses ITIMs that confer inhibitory function (302-304). More subtly, polymorphism in 

the transmembrane and cytoplasmic domain may also impact on signalling capacity. 

Where for example, when substitution mutation was introduced at residue 320 in the 

transmembrane region of KIR3DL1, it has been shown to modulate the extent of 

inhibitory signalling (305). Together, the enormous genetic variation in KIR combines 

with polymorphism in their HLA-I encoded ligands to create a complex mosaic that 

governs NK cell education, activation and their capacity to contribute to immune 

responses to both pathogens and malignancies (200). 
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Table 1.2 Polymorphism in KIR* 

KIR CD 
designation 

Number of 
polymorphic 
alleles 

Number of 
polymorphic 
allotypes 

ligands 

KIR2DL1 CD158a 59 34 HLA-C2 (80K) 

KIR2DL2 CD158b1 31 13 HLA-C group 1 some group 
2 and HLA-B*46:01, B*73:01 

KIR2DL3 CD158b2 59 34 HLA-C group 1 some group 
2 and HLA-B*46:01, B*73:01  

KIR3DL1 CD158e1 137 84 Bw4+ve HLA-B and some 
Bw4+ve HLA-A 

KIR3DL2 CD158k 158 109 HLA-A*03, A*11 

KIR3DL3 CD158z 126 69 ? 

KIR2DL5A/B CD158f 51 22 ? 

KIR2DL4 CD158d 65 37 HLA-G 

KIR2DS1 CD158h 16 8 HLA-C2  

KIR2DS2 CD158j 23 9 HLA-C1 (80N) 

KIR2DS3 ? 16 7 HLA-C1 

KIR2DS4 CD158i 35 16 Some HLA-C (C*04) 

KIR2DS5 CD158g 23 17 ? 

KIR3DS1 CD158e2 39 22 HLA-F, HLA-Bw4(80I)? 

 *Excludes pseudogenes (2DP1 and 3DP1), red are framework genes. (189,235,296-
298,306,307) 
 

Each of the various HLA-I ligands for KIR (HLA-Bw4, HLA-A*03/A*11 and HLA-C1/C2) 

are maintained within all populations studied across the world, albeit at different 
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frequencies (Figure 1.9) (308). While both KIR and their HLA-I ligands are located on 

different chromosomes, they are thought to have to co-evolved under selective pressure 

and many studies have observed distinct KIR and HLA-I combinations to be associated 

with the development or outcome of diseases (235,309-313).  

 

 

Figure 1.9. The frequencies of HLA-I epitope groups found in various world 

populations. 

HLA-I from populations in Africa, Europe, Asia, Melanesia and America were divided 

into HLA-A, -B and -C allotypes, with the various KIR epitope groups illustrated in green 

(Bw4), yellow (HLA-A*3/-A*11), blue (C1), red (C2) and those that have no KIR epitopes 

in grey. Reproduced from Parham and Moffett (308) 

 

More direct evidence for the co-evolution of KIR and HLA however comes from the 

study of isolated populations such as the KhoeSan and Yucpa (241,301,310,314). The 

Yucpa, an isolated population in Venezuela experienced a viral Hepatitis epidemic and 
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population bottle neck that narrowed their HLA-I diversity resulting in an extremely high 

proportion (97%) of individuals bearing HLA-C*07:02 (HLA-C1) (310,315), a very strong 

ligand for KIR2DL2/3. Interestingly, this population exhibits a distinct allotypic variant of 

KIR2DL3, KIR2DL3*009, present at high frequency (~69%) and which binds to C1-

allotypes with lower affinity than the KIR2DL3 allotypes that typically circulate in more 

admixed populations (310). Similarly in the KhoeSan population in Southern Africa, two 

unique KIR2DL1 alleles, KIR2DL1*022 and *026, were identified and found in 17.2% 

and 4.2% of the population respectively (241,301). These two KIR2DL1 allotypes again 

have a lower affinity interaction with HLA-C2 ligands, resulting in a reduced frequency of 

strong HLA-C2 binding KIR2DL1 allotypes in this population (241,301).  

 

The evolutionary drivers of the acquisition and retention of these novel alleles are 

unclear. Interestingly, in the studies of isolated populations to date, marked skewing of 

the frequency of both KIR and ligand alleles has always been accompanied by the 

selection of specific KIR allotypes that have a weaker interaction with their cognate 

HLA-I ligand (301,316,317). This has been hypothesised to impact both immunity to 

pathogens and reproductive outcomes, both of which have the capacity to exert 

significant selection pressure. 

 

KIR3DL1 is one of the most polymorphic KIR with over 130 alleles identified to date 

(299,306,318). As indicated above, these polymorphisms are found throughout the 



44 
 

KIR3DL1 molecule, with the most polymorphic domain being the D0 domain (Table 1.3). 

Much of the diversity in the KIR3DL1/S1 gene has been generated by recombination, 

evident in the presence of hybrid alleles such as: KIR3DL1*001, which is a recombinant 

of the D0 domain of KIR3DL1*005 and the D1 to C-terminus of KIR3DL1*015; and 

KIR3DL1*009, which is a recombinant of the D0 domain of KIR3DS1 and the D1 to C-

terminus of KIR3DL1*001 (288,319). 

 

An analysis of the polymorphisms acquired throughout evolution showed the 

KIR3DL1/S1 gene to be comprised of three lineages: two made up entirely of inhibitory 

receptors (*005-like and *015-like) and the other the activating KIR3DS1 lineage, all of 

which are present in all populations studied to date (235). Allotypes from the two major 

inhibitory KIR3DL1 lineages can be distinguished by dimorphic residues at positions -20, 

-9 (in the leader sequence), 2, 47 and 54 (D0), along with 182 and 283 (D1 and D2). 

While none of these polymorphisms map to residues that directly interact with HLA-I or 

peptide, there are nevertheless, distinct differences in the ligand specificity of these 

allotypes, which manifest both in terms of their capacity to recognise different peptides 

bound to the same HLA-I ligand as well as their capacity to recognise different HLA-I 

ligands more broadly (305,311).  

 

In contrast to the inhibitory lineages, which both have multiple alleles present at 

significant frequencies in most populations, KIR3DS1 is essentially monomorphic, the 

lineage being dominated by KIR3DS1*013 which is present in much higher frequencies 

than all other alleles (235,257).  
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Table 1.3 KIR3DL1 polymorphisms 

aa KIR3DL1 
*015:02 

KIR3DL1 
*005:01 

Phenotypic characteristic HLA-Bw4 
contact* 

Ref 

Leader sequence 
-20 L S    
-9 F L    
D0 domain 
2 V M    
4 G -    
5 Q -    
18 V - V18L lowers surface expression  (320) 
30 Y - Y30C abrogate HLA-A*2402 binding  (288) 
31 R -    
32 H - H32R increases binding to HLA-A*24 β2m E36 

(VDW) 
(256,
288) 

44 R - R44G slightly increases surface 
expression 

 (300) 

47 V I    
54 L I    
58 S - S58G decrease inhibition and binding 

towards Bw4+ve HLA-I 
 (319) 

75 R - R75W together with R145S decrease 
surface expression 

 (320) 

78 H -    
79 P -    
86 S - L86S prevents surface expression  (300) 
92 V - V92M decrease inhibition and binding 

towards Bw4+ve HLA-I 
 (319) 

117 E -    
118 R -    
D1 domain 
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138 G - G138W reduced binding to Bw4+ve 
HLA-I 

HLA-B*57 
Arg79  
(H-Bond) 

(256,
289,3
20)  

141 K -    
145 R - R75W together with R145S decrease 

surface expression 
 (320) 

147 V -    
158 N -    
162 G -    
163 P - P163S abrogate binding to A*2402  (288) 
166 L - L166R abrogates binding to HLA-

A*2402 
Peptide 
S8 (VDW) 
HLA-B*57 
Ile80  
 (VDW) 

(256,
289) 

182 P S P182S together with W283L decrease 
binding to bw4 ligands 
P182S decreases surface expression 

 (288,
300) 

D2 domain 
199 P - P199L abrogates A24 binding 

 
HLA-B*57 
Ala150  
(VDW) 

(256,
274,2
88) 

203 P - 203T possibly reduce surface 
expression 

 (288) 

226 R - R226Q increase surface expression  (320) 
237 E -    
238 G - R238G decrease inhibition towards 

bw4 ligands 
 (305) 

256 Q - Q256K decrease surface expression  (320) 
277 R - R277C abrogates A24 binding HLA-

B*57:01 
Tyr84, 
Ile142  
(VDW) 

(256,
288) 

283 W L 283W better inhibition with HLA-
A*32:01 

 (203,
252,2
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283L better inhibition with HLA-B*15:13 73,28
8) 

290 L  290P possibly reduce surface 
expression 

 (288) 

Transmembrane Region 
315 P -    
320 I - I320V decreased inhibition towards 

Bw4 ligands 
 (305) 

328 I -    
330 L -    
332 I -    
333 L -    
341 L -    
343 C -    
Cytoplasmic Tail 
366 D -    
373 E -    
378 A -    
382 D -    
*Interaction based on crystal structure of KIR3DL1*001 with HLA-B*57:01 with LF9 
peptide (306).  
 

While polymorphism in KIR3DL1 was evident in the initial cloning reports (189,321), the 

first indication of its significance was the discovery that allotypic variation in KIR3DL1 

was associated with different cell surface expression levels of the receptor. For example, 

individuals with KIR3DL1*015 have a higher surface expression of KIR3DL1 than those 

with *005 and while the *004 allele is expressed, the protein is largely retained in the 

endoplasmic reticulum resulting in very low levels of cell surface expression (311). 

Polymorphisms present in the proximal promoter region are proposed to influence the 

initiation of transcription (320,322), however since some of these differences in 



48 
 

expression levels have also been recapitulated following the transfection of plasmids 

encoding KIR3DL1 cDNA, the differences in expression may in part also be attributable 

to the protein coding sequence (300,320). The most obvious example of this is the L86S 

substitution in KIR3DL1*004, which causes the misfolding of the D0 domain and 

intracellular retention of the allotype (300).  

 

Polymorphic variation across HLA-Bw4 allotypes has been associated with different 

degrees of protection of target cells from lysis by KIR3DL1+ve NK cells. As noted above, 

early studies suggested that HLA-Bw4 allotypes with isoleucine at residue 80 may be 

better ligands compared to those which possesses a threonine (278,281), however, this 

was not strictly true for all allotypes (275,279). Additionally, it was also clear that 

polymorphisms outside of the Bw4 motif also impacted the KIR3DL1/HLA-I interaction 

(237). For example, when comparing the recognition of HLA-B*38:01, -B*51:01 and -

B*58:01, which all share the same Bw4 motif, O’Connor and colleagues showed that 

HLA-B*51:01 was better recognised than the other two allotypes (237). Ultimately, it 

seems likely that allotypic differences in the capacity of HLA-I molecules with identical 

Bw4 motifs to interact with KIR3DL1 reflect differences in their peptide repertoire or 

peptide conformation, however firm evidence for this is still lacking. 

 

Similarly, KIR3DL1 polymorphism can also have a marked impact on their interaction 

with HLA-I encoded ligands. This was initially shown by Carr and colleagues who noted 
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differences in ligand recognition between KIR3DL1*002 and *007 with mutational 

analyses showing that residues 238 and 320, located in the in D2 domain and the 

transmembrane region respectively, impacted KIR3LD1-mediated inhibition (305). It 

was further demonstrated by Thananchai and colleagues that different KIR3DL1 

allotypes varied in their capacity to interact with HLA-A*24:02 (284). This was further 

extended by assessing the binding of HLA-I tetramers to different KIR3DL1 allotypes 

showing that they exhibited both HLA allele- and peptide-specific differences in 

specificity. Subsequently, O’Connor and colleagues showed that residue 283 located at 

the D1-D2 interface, which is distinct between the KIR3DL1*005 and KIR3DL1*015 

lineages (leucine and tryptophan respectively), had a significant impact on receptor 

specificity. Notably, the presence of Leu283 facilitated better binding to Bw4 allotypes 

that possessed a threonine a position 80 (235,252). Structural studies showed that 

KIR3DL1 *005 differed from both KIR3DL1*001 and *015 with respect to the hinge 

angle between the D1 and D2 domains and likely impacted the flexibility of the D1 C–C′

and D1 E–F loops involved in ligand recognition (275). Consistent with this elevated 

flexibility of the ligand binding site, multiple studies have shown KIR3DL1*005 to have 

broader specificity both for a wider range of HLA-I allotypes as well as the capacity to 

better accommodate variations in the sequence of the HLA-I-bound peptide 

(274,275,319).  

 

Other polymorphisms unique to certain KIR3DL1 allotypes have also been shown to 

impact recognition of HLA-I allotypes (274,288,305). For example mutation of the 

characteristic Arg238 in KIR3DL1*002 back to a glycine as typically found at this 



50 
 

position, resulted in decreased recognition of HLA-B*27:05 (305). Similarly, 

mutagenesis of Ser58 and Val92 in KIR3DL1*001 to the glycine and methionine 

residues found in KIR3DL1*009, markedly impaired binding to HLA-B*44:03 (319). 

While the location of these polymorphisms is typically distant from the ligand binding 

site, the data nevertheless demonstrated that polymorphisms in KIR3DL1 influence 

ligand recognition, most likely as a result of impacting domain stability and/or mobility of 

the ligand binding site.  

 

The interaction between inhibitory receptors and MHC-I molecules not only facilitates 

the discrimination between healthy and infected or transformed cells, but also appears 

to have a developmental role. Notably, NK cells isolated from MHC-I deficient β2m-/- 

mice are hypofunctional rather than hyperactive implicating the recognition of MHC-I 

complexes in the acquisition of the full array of effector functions by NK cells (323,324). 

The ITIM motifs were additionally implicated in this process as mice expressing ITIM 

mutant Ly49A receptors also exhibited defective functional responses (323). This 

acquisition of functional potential that accompanies expression of both the inhibitory 

receptors and the HLA-I ligands that they recognise was termed “education” (325-327).  

 

In the context of human NK cells, since the genes encoding KIR and HLA-I are found on 

different chromosomes segregation of these gene loci occurs independently. This can 

potentially result in individuals expressing KIR but not the corresponding HLA-I ligand, 
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for example expressing KIR3DL1 in individuals who lack Bw4 allotypes (328,329). Again, 

in such individuals, these NK cells are typically hyporesponsive compared to those that 

express receptors that can recognise self-HLA-I allotypes (Figure 1.10) 

(315,323,324,330). Similarly, NK cells from TAP deficient individuals where HLA-I is 

poorly expressed at the cell surface are themselves poorly activated by HLA-I deficient 

targets (331-333). Moreover, Yawata and colleagues have demonstrated that donors 

with corresponding KIR and ligands display enhanced NK cell killing of HLA-I deficient 

721.221 (221) cells, compared to donors without matched pairs (315). In the case of 

KIR3DL1, it was shown that KIR3DL1+ve NK cells from donors homozygous for HLA-

Bw4 alleles (Bw4/Bw4) had better responses against 221 cells compared to KIR3DL1+ve 

NK cells from heterozygous (Bw4/Bw6) donors, while those homozygous for Bw6 alleles 

(Bw4/Bw6) had the poorest responses (334).  
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Figure 1.10. The NK cell education model.  

In individuals where NK cells express inhibitory KIR together with the presence of a 

good/strong ligand, the KIR expressing NK cells will gain effector function or become 

“educated”. This cell is therefore inhibited when it senses its HLA-I ligand on target cells 

and is also responsive to and able to eliminate target cells that have down regulated 

HLA-I expression. On the other hand, when the NK cell does not express a KIR-ligand 

pair, the NK cell will remain “non-educated” and be unresponsive to target cells that 

have down regulated HLA-I expression. 

 

Several models have been proposed to explain the phenomenon of education, including 

the arming, disarming and rheostat models. Perhaps the earliest proposed model is the 

disarming model, where constant exposure to activating ligands without an inhibitory 
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signal is thought to lead to anergy of the NK cells (324,335,336). This was first 

suggested by Wu and colleagues who found that NK cells in mixed bone marrow 

chimeric mice that contained cells both deficient or expressing MHC-I were 

hyporesponsive compared to mice that expressed the MHC-I (336).  

 

Using NK cells from MHC-I deficient mice that transgenically expressed a single chain 

MHC-I molecule that interacted with the Ly49C receptor, Kim and colleagues 

demonstrated that only Ly49C+ve NK cells were efficiently activated upon challenge with 

tumour targets (323). This observation led to the arming model, where the presence of 

inhibitory ligands during the development of NK cells dictates their effector competency 

(323,337). More recently, the rheostat model was proposed which suggested that the 

response of an NK cell is determined by the degree of both activating and inhibitory 

signals received (338-341). This was because NK cells with multiple inhibitory receptors 

specific for self MHC-I were seen to have more robust responses to tumour cells 

compared to NK cells with only one inhibitory receptor (340).  

 

Interestingly, NK cell education via self-expressed HLA-I can occur via HLA-I on 

neighbouring cells (in trans) or on the NK cell itself in cis (330,342). Boudreau and 

colleagues using the transfer of KIR3DL1+ve human donor CD34+ve stem cells into 

transgenic mice expressing a HLA-Bw4 allotype (B27), found only the mature 

KIR3DL1+ve NK cells in the presence of the HLA-Bw4 transgenic mice to gain effector 

function (343). Moreover, it was also revealed that the HLA-Bw4 had been transferred 

onto the donor NK cell membrane (343). On the other hand, data from hematopoietic 
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cell transplantation in humans showed that when KIR3DL1+ve and Bw4+ve donor NK 

cells were transferred to Bw4-ve recipients there was a loss of effector function (343).  

 

In terms of education mediated by KIR, there is evidence suggesting that education is 

not simply a binary effect defined by the presence or absence of KIR/KIR-ligand pairs 

(334,338,344,345). Rather, NK cell education may correlate with the quality of the 

receptor-ligand interaction(s) (334,344,345). For example, among donors with KIR2DL3, 

those who also expressed the strong HLA-C1 ligand HLA-C*07 showed better 

responses to HLA-I deficient 221 cells than donors with other HLA-C1 ligands such as 

HLA-C*01, while those with the HLA-C1 ligand HLA-C*14:02 did not show any capacity 

to respond to class I deficient target cells (315). Similarly, differences in the education of 

KIR3DL1+ve NK cells have been also reported where donors who expressed HLA-

B*44:03 had an increased proportion of KIR3DL1+ve NK cells producing IFNγ compared 

to donors who expressed HLA-B*13 (315,334). Therefore, these evidences points 

towards a model where NK cell effector function is modulated by not just the presence 

of the KIR ligand but possibly the strength of the KIR-ligand interaction.  

 

Since there is extensive genetic variation in both KIR and their ligands, numerous 

studies have associated particular receptor and/or receptor/ligand combinations with 

clinical outcomes in settings ranging from resistance to infection, outcomes in cancer 

through to reproductive outcomes. 
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The initial evidence supporting a role for specific KIR/HLA combinations in the control of 

disease was largely derived from genetic studies of large cohorts of individuals infected 

with either Human Immunodeficiency Virus (HIV) or Hepatitis C Virus (HCV) (281,346). 

Martin and colleagues noted that HIV-infected individuals who possessed both the 

activating receptor KIR3DS1 and Bw4 allotypes that encoded isoleucine at position 80 

(Bw480I), which at the time were thought to be high affinity ligands of both KIR3DL1 and 

KIR3DS1, had delayed progression to AIDS defining illnesses as well as higher CD4+ve 

T cell counts than those who possessed either KIR3DS1 or Bw480I alone or lacked them 

altogether (281). While the interpretation of this data is now complicated by more recent 

evidence which suggests that the primary ligand for KIR3DS1 is HLA-F rather than 

Bw480I (292), the study provided significant impetus to further explore the relationship 

between distinct KIR/HLA combinations and disease outcomes.  

 

Subsequent studies assessed the relationship between inhibitory receptor/HLA-I ligand 

pairs in both HIV and HCV. In the case of HCV, a higher proportion of patients with both 

KIR2DL3 and HLA-C1 genes spontaneously resolved acute infection and the presence 

of these allotypes was significantly associated with protection compared to HLA-C2 or 

even KIR2DL2 along with HLA-C1 (346). Similarly in HIV-infected individuals, the 

presence of both KIR3DL1 and HLA-Bw4 allotypes was protective relative to the 

presence of KIR3DL1 in the absence of HLA-Bw4 allotypes (281). More specifically, 

individuals possessing high surface expressing alleles of KIR3DL1 and HLA-Bw4Ile80 
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allotypes were characterised by both lower viral loads and higher CD4+ve T cell counts 

over time (281,347,348). Surprisingly, KIR3DL1*004, which is essentially undetectable 

at the surface, was also associated with better control of HIV infection in the presence 

of Bw4Ile80 allotypes suggesting that despite the low level expression, it is still 

functionally significant (281).  

 

The mechanism behind KIR3DL1-mediated protection against HIV is yet to be fully 

elucidated. It was hypothesised that stronger KIR3DL1/Bw4 interactions were 

responsible for improved education and hence the generation of more NK cells that 

could respond to the nef-induced downregulation of HLA-A and -B allotypes 

characteristic of acutely infected cells (281,349,350). Nevertheless, since there was little 

data that actually defined what constituted strong and/or weak KIR3DL1/ligand 

interactions this hypothesis has remained untested. Indeed, it is now evident that while 

Bw4Ile80 allotypes are common among the strong KIR3DL1 ligands, other Bw4Ile80 alleles 

such as HLA-A*24:02, which are very common in many populations, are among the 

weakest KIR3DL1 ligands. 

 

Observations of higher cancer incidence in individuals with defective NK cell function 

suggested that NK cells might play an important role in tumour immunosurveillance 

(351,352). Similarly, longitudinal studies also found associations between lower NK cell 

like cytotoxicity and heightened risk of various types of cancer (353,354).  
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Again, a number of studies have linked the presence of individual KIR/HLA 

combinations with clinical outcomes. Malignancies where HLA-I expression is 

maintained have been hypothesised to be more likely to escape NK cell 

immunosurveillance by attenuating NK cell activation through interactions with inhibitory 

KIR. Consistent with this, comparing healthy individuals with melanoma patients where 

cancer cells retain HLA-I expression, it was observed that among the melanoma 

patients there was an enrichment for individuals who possessed inhibitory KIR2DL2, 

KIR2DL3 and KIR3DL1, along with their respective ligands, HLA-C1 and HLA-Bw4 

(355-357).  

 

The presence of KIR2DL2/L3 with its HLA-C1 ligand has similarly been associated with 

an increased risk of cervical cancer (358,359). In contrast, a correlation between the 

presence of KIR/ligand pairs and the risk of developing cervical neoplasia has been 

reported where the presence of either KIR3DL1 or KIR2DL1 and their HLA-I ligands 

correlated with a decreased risk of cancer (360). Given the genetic diversity in KIR and 

their ligands along with that in the papilloma virus itself, a detailed understanding awaits 

much more extensive genetic analyses in cohorts across multiple populations. It is also 

worth noting that some of the effects attributed to inhibitory KIR, may reflect the function 

of genetically linked activating KIR. Indeed a familial study of patients with Hodgkin’s 

lymphoma linked the activating KIR2DS1 and KIR3DS1 with protection (361). 

 



58 
 

Hematopoietic stem cell transplantation (HSCT) is a key therapeutic approach for the 

treatment of many haematological malignancies including acute myeloid leukaemia 

(AML). There is an increasing amount of data linking KIR and or KIR/HLA genetics with 

clinical outcomes following HSCT. Notably the work of Ruggeri et al. in the setting of 

haploidentical transplantation, showed that patients who received transplants across so-

called KIR ligand mismatches had dramatically better clinical outcomes, showing 

increased survival and decreased rates of relapse and graft versus host disease relative 

to patient who were not KIR ligand mismatched (362). Consistent with this, Hsu et al. 

also reported better outcomes in patients with AML who lacked KIR ligands for donor-

encoded inhibitory KIR (363).  

 

However, not all studies have observed a similar beneficial KIR-ligand mismatch effect. 

Cooley and colleagues observed that patients receiving HSCT from donors with B 

haplotype KIR genes, and particularly the centromeric cluster, had reduced relapse and 

better survival and found little evidence of KIR/HLA mismatch being beneficial (364,365). 

The basis for these differences may be due to several reasons including the preparation 

of the HSCT sample or the T cell count in the transplant sample (366,367).  

 

While NK cells were initially identified through their capacity to kill transformed cells, 

there is increasing evidence that they may also play an important role in reproduction. 

Foetal trophoblast cells exhibit patterns of HLA-I expression that are distinct from all 
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other cells where HLA-C, -G and -E are all expressed in the absence of HLA-A and -B 

(368,369). Moreover, NK cells make up more than 40% of the leukocytes in the decidua 

(during pregnancy), where they have been proposed to be critical for the process of 

extravillous trophoblast invasion and the development of spiral arteries (370).  

 

Genetic evidence has linked both individual KIR/HLA combinations along with distinct 

KIR haplotypes with reproductive outcomes (371,372). For example, Hiby and 

colleagues have found that women with A haplotypes (that are dominated by inhibitory 

KIR) have an increased risk of pre-eclampsia and low child birth weight (317,373). This 

is thought to be the result of attenuated NK cell activation that would normally promote 

spiral artery development and remodelling of the placenta (371,372,374,375). This 

association appears strongest the presence of both KIR2DL1 in haplotype A and 

paternal HLA-C2 ligands which could inhibit the activity of uterine NK cells, leading to 

inadequate placental perfusion and pre-eclampsia (374).  

 

In B haplotypes, KIR2DL1 is replaced by activating KIR, negating such strong inhibition 

effects on the uterine NK cells. Indeed, an increased number of activating KIR, and in 

particular the presence of KIR2DS1, is associated with a decreased risk of pre-

eclampsia (373). Conversely the presence of KIR2DS1 is also associated with 

increased child birth weight (317). The expression of KIR on uterine NK cells therefore 

appears to play an important part in reproductive fitness regulating the degree of 

extravillous trophoblast invasion and impacting both birth weight and the incidence of 

pre-eclampsia.  
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Polymorphisms on both KIR and HLA-I have been shown to impact the quality of their 

interaction. This would therefore have the potential to impact both NK cell education and 

the recognition of target cells. As individuals can inherit various combinations of KIR 

and HLA-I allotypes, differential KIR-HLA-I combinations may determine disease 

susceptibility and possibly treatment and potential outcomes. Nevertheless, our 

understanding of the extent to which polymorphisms within both KIR and HLA-I impact 

on these processes is unclear. Therefore the experiments and findings detailed in this 

study had the following aims: 

1. Investigate whether the strength of KIR-HLA-I interaction in individuals with 

distinct allotypic combinations influences NK cell education and correlates with 

the control of viral infection.  

2. Characterize how polymorphisms in KIR impact HLA-I recognition and sensitivity 

to ligand downregulation, which might influence detection of targets. 

3. Investigate whether polymorphisms on HLA-I impact their membrane 

characteristics and consequently KIR recognition. 
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Chapter 2: Material and Methods 
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Plasmids used throughout this study are listed in Table 2.1 and Table 2.2 for HLA-I and 

KIR3DL1 respectively. Existing HLA-I parental constructs encoding HLA-A*24:02 (275), 

-B*57:01 (277), -B*08:01 (277) and the HLA-A*24:02/B*57:01 “tailswap” chimeras were 

used to generate GFP and/or monomeric GFP-tagged versions for this project. 

Constructs encoding KIR3DL1 allotypes fused to a CD3ζ tail were generated from either 

KIR3DL1*001 (252), *005 or *015+CD3ζ plasmids. 

 

Table 2.1 HLA-I plasmids used in this study 

Name Details Source 
pcDNA3.1(-) A*24:02   Dr. Saunders 
pEGFP A*24:02 GFP GFP fused to C-terminus  This project/ Dr. Saunders 
pEGFP A*24:02 GFP A206K Monomeric GFP This Project 
pmCherry A*24:02 mCherry mCherry fused to C-terminus Dr. Saunders 
pcDNA3.1(-) B*57:01  Dr. Saunders 
pEGFP B*57:01 GFP GFP fused to C-terminus This project/ Dr. Saunders 
pEGFP B*57:01 GFP A206K Monomeric GFP This project 
pcDNA3.1(-) Tailswap A*24:02N B*57:01C C-terminal end is swapped at 

the α3 domain (see 2.1.2) 
Dr. Saunders 

pEGFP Tailswap A*24:02N B*57:01C GFP A206K C-terminal end is swapped at 
the α3 domain with GFP fused 
to the C-terminus (see 2.1.2) 

This project 

pcDNA3.1(-) Tailswap B*57:01N A*24:02C  C-terminal end is swapped at 
the α3 domain (see 2.1.2) 

Dr. Saunders 

pEGFP Tailswap B*57:01N A*24:02C GFP A206K C-terminal end is swapped at 
the α3 domain with GFP fused 
to the C-terminus (see 2.1.2) 

This project 

pcDNA3.1(-) B*08:01  Dr. Saunders 
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Table 2.2 KIR3DL1 plasmids used in this study 

Name Details Source 
pcDNA KIR3DL1*001 with CD3ζ tail C-terminal end replaced with 

CD3ζ tail from position 346 in 
the cytoplasmic tail region 
(274). 

Dr. O’Connor  

pcDNA KIR3DL1*002 with CD3ζ tail  
 

Mutagenesis from *015 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*004 with CD3ζ tail 
 

Mutagenesis from *005 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*005 with CD3ζ tail 
 

 Dr. O’Connor 

pcDNA KIR3DL1*007 with CD3ζ tail  
 

Mutagenesis from *015 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*008 with CD3ζ tail  
 

Mutagenesis from *015 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*009 with CD3ζ tail  
 

Mutagenesis from *001 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*015 with CD3ζ tail  
 

 Dr. Saunders 

pcDNA KIR3DL1*017 with CD3ζ tail  
 

Mutagenesis from *015 (see 
2.1.2) 

This project 

pcDNA KIR3DL1*020 with CD3ζ tail 
 

Mutagenesis from *015 (see 
2.1.2) 

This project 

 

Individual mutations to KIR3DL1 and GFP were introduced via site directed 

mutagenesis using the appropriate primers (Table 2.3). Site directed mutagenesis was 

performed with the QuikChange II site-directed mutagenesis kit (Stratagene, USA) 

according to the manufacturer’s instructions. Template DNA (100ng) was mixed with 0.5 

mM dNTPs, 0.4 µM forward and reverse mutagenic primers, and Pfu buffer, and 

amplified with Pfu DNA polymerase (Promega, USA) with the following polymerase 

chain reaction (PCR) conditions: i) 95°C for 5 min; ii) 18 cycles of 95°C for 30 seconds, 

58°C for 1 min and 68°C for 12 min; and iii) a final extension of 68°C for 20 min, then 

held at 25°C. Successful incorporation of the mutations was confirmed via sequencing. 

Monomeric GFP was generated by the mutation of alanine residue 206 to lysine (A206K) 
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(376). KIR3DL1+CD3ζ fusion constructs were mutated through sequential site directed 

mutagenesis to generate the appropriate allotypes. The KIR3DL1 allotypes of *002, 

*007, *008, *017 and *020 used *015 as a template, KIR3DL1*004 used *005 as a 

template, and KIR3DL1*009 was based on *001.  
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Table 2.3 Primers used for site directed mutagenesis 

Primer Sequence* Notes 

GFP A206K Fw GCTTCTCGTTGGGGTCTTTGCTCAGCTTGGACTGGGTGCT
CAGGTAGTGG For generation of 

monomeric GFP GFP A206K Rv GCTTCTCGTTGGGGTCTTTGCTCAGCTTGGACTGGGTGCT
CAGGTAGTGG 

KIR3DL1*015 G238R Fw CCATCTATCCAGGGAGAGGGGAGCCCATGAACGTAGG 
*015 to *002 

KIR3DL1*015 G238R Rv CCTACGTTCATGGGCTCCCCTCTCCCTGGATAGATGG 

KIR3DL1*015 I320V Fw CCCAGACACCTGCACGTTCTGATTGGGACCTCAGTG 
*015 to *007 

KIR3DL1*015 I320V Rv CACTGAGGTCCCAATCAGAACGTGCAGGTGTCTGGG 

KIR3DL1*015 R31H Fw CTTCGGTGTCACTATCATCATAGGTTTAACAATTTC 
*015 to *008 

KIR3DL1*015 R31H Rv GAAATTGTTAAACCTATGATGATAGTGACACCGAAG 

KIR3DL1*015 V2M Fw GAGGGCCGGTCCACACATGGGTGGTCAGGACAAACC 
*015 to *017 

KIR3DL1*015 V2M Rv GGTTTGTCCTGACCACCCATGTGTGGACCGGCCCTC 

KIR3DL1*015 R145S Fw CTCTAAGGACCCCTCAAGCCTCGTTGGACAGATCC 
*015 to *020 

KIR3DL1*015 R145S Rv GGATCTGTCCAACGAGGCTTGAGGGGTCCTTAGAG 

KIR3DL1*005 R31H Fw CTTCGGTGTCACTATCATCATAGGTTTAACAATTTC 

*005 to *004 

KIR3DL1*005 R31H Rv GAAATTGTTAAACCTATGATGATAGTGACACCGAAG 

KIR3DL1*005 R44G Fw GCTATACAAAGAAGACGGAATCCACATTCCCATC 

KIR3DL1*005 R44G Rv GATGGGAATGTGGATTCCGTCTTCTTTGTATAGC 

KIR3DL1*005 S86L Fw CTCCCCCACTGGGTGGTTGGCACCCAGCAACCCC 

KIR3DL1*005 S86L Rv GGGGTTGCTGGGTGCCAACCACCCAGTGGGGGAG 

KIR3DL1*005 I320V Fw CCCAGACACCTGCACGTTCTGATTGGGACCTCAGTG 

KIR3DL1*005 I320V Rv CACTGAGGTCCCAATCAGAACGTGCAGGTGTCTGGG 

KIR3DL1*005 C343Y Fw CTCCTTCATCTCTGGTACTCCAACAAATTCAGC 

KIR3DL1*005 C343Y Rv GCTGAATTTGTTGGAGTACCAGAGATGAAGGAG 

KIR3DL1*001 I47V Fw GAAGACAGAATCCACGTTCCCATCTTCCATGGCAG 

*001 to *009 

KIR3DL1*001 I47V Rv CTGCCATGGAAGATGGGAACGTGGATTCTGTCTTC 

KIR3DL1*001 S58G Fw CAGAATATTCCAGGAGGGCTTCAACATGAGCCCTG 

KIR3DL1*001 S58G Rv CAGGGCTCATGTTGAAGCCCTCCTGGAATATTCTG 

KIR3DL1*001 V92M Fw GCACCCAGCAACCCCATGGTGATCATGGTCACAG 

KIR3DL1*001 V92M Rv CTGTGACCATGATCACCATGGGGTTGCTGGGTGC 

 
 

The GFP(A206K)-tagged “tailswap” HLA-A*24:02N-B*57:01C and HLA-B*57:01N-

A*24:02C constructs were generated by amplifying the pre-existing HLA swap chimeras 
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in pcDNA3.1(-) via PCR amplification using Taq polymerase (ThermoFisher Scientific, 

USA) and primers encoding for an EcoRI restriction site at the 3’ end while at the 5’ end, 

a BamHI restriction site was utilised to allow the HLA to be cloned in frame with GFP 

(Table 2.4). The amplified products were then ligated into a pGEM-T easy vector and 

subcloned into pEGFP using the EcoRI and BamHI restriction sites and sequenced.  

 

Table 2.4 Primers used for “tailswap” molecular cloning 

Primer Sequence Notes 
EcoRI HLA-A*24:02 Fw CGCGAATTCGGTACCATGGCCGTCATGGCGCCC EcoRI site 
EcoRI HLA-B*57:01 Fw CGCGAA TTCATGCGGGTCACGGCACCC EcoRI site 
BamHI no stop HLA Rv  GCGTGGATCCCAAGCTGTGAGAGACAC For in-frame cloning with 

C-terminal GFP tag, 
BamHI site 

A24 Bsu36I Fw CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCT
GGGCTTC 

For insertion of Bsu36I 
restriction site 

A24 Bsu36IRv GAAGCCCAGGGCCCAGCACCTCAGGGTGGCCTCATG
GTCAGAG 

For insertion of Bsu36I 
restriction site 

1 μg of plasmid was added to NOVA XG competent Escherichia coli cells and incubated 

on ice for 30 min. Cells were then incubated at 42°C for 90 sec and placed on ice for 2 

min followed by the addition of 1 mL of warm 1X Luria-Bertani (LB) broth (Media 

Preparation Unit, The University of Melbourne). Cultures were then incubated for 1 hr 

with shaking (180 rpm) at 37°C. Bacteria were then plated onto LB agar plates 

containing antibiotic (Ampicillin or Kanamycin, 50 μg/mL) (Media Preparation Unit, The 

University of Melbourne) and incubated overnight (O/N) at 37°C. Single colonies were 

then selected and used to inoculate 10 ml of LB media with antibiotics, and incubated 

O/N at 37°C with shaking. The bacteria was then pelleted and plasmid DNA purified 
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using the Promega wizard® plus SV minipreps DNS purification system according to the 

manufacturer’s instructions.  

 

Sequencing was performed on plasmid constructs with appropriate primers listed in 

Table 2.5 using Big Dye 3.1 (ThermoFisher Scientific, USA) and sequencing buffer with 

the following PCR parameters: i) 94°C for 5 min; ii) 96°C for 20 secs, 50°C for 10 sec, 

60°C for 4 mins (30 cycles); and iii) held at 25°C. PCR products were precipitated by 

incubation with 95% ethanol (Chem-Supply, Australia) and 0.1M Sodium Acetate 

(Chem-Supply, Australia) on ice in the dark for 10 mins. The samples were then 

centrifuged (30 mins at 13,000 rpm, 4°C) and subsequently washed with 70% ethanol 

with centrifugation (20 mins at 13,000 rpm, 4°C). The DNA pellets were then dried by 

incubating at 94°C for 2 mins and submitted for sequencing at Applied Genetic 

Diagnostics (Department of Pathology, University of Melbourne). 

 

Table 2.5 Sequencing Primers 

Primer Sequence Notes 
T7 primer Fw TAATACGACTCACTATAGGG For sequencing 5’ end of 

constructs in vectors 
SP6 Primer Rv ATTTAGGTGACACTATAG For sequencing 3’ end of 

constructs in vectors 
pEGFPseq536f (20mer) CGTGTACGGTGGGAGGTCTA For sequencing eGFP 

contructs 
pEGFPseq765r (20mer) GCTGAACTTGTGGCCGTTTA For sequencing eGFP 

contructs 
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Genomic DNA (gDNA) was isolated from donor PBMC using the DNeasy blood and 

tissue DNA extraction kit (Qiagen, Germany) as per the manufacturer’s protocol and 

stored at -20°C. KIR3DL1 allotyping was performed using a multiplex PCR method and 

appropriate primers (Table 2.6) as described in (377). Briefly, 50 ng of gDNA was mixed 

with 10 mM dNTP, 50 mM MgCl2, 5U Taq DNA polymerase and 1x supplied buffer 

(Promega, USA) along with primers for HLA-DR and one KIR3DL1 subtype. Conditions 

for amplification were optimised for annealing temperature and extension time for each 

KIR3DL1 primer (see Table 2.6). Samples were then amplified with the following PCR 

conditions: i) 95°C for 5 min; ii) 95°C for 30 secs, annealing for 30 secs at the optimised 

temperature and extending at 60°C (with an optimised cycle number); and iii) 

holding at 25°C. Samples were then run on a 2% agarose gel and visualised using UV 

light (GeneSnap, Sygene). For HLA class I typing, gDNA was sent to the Australian Red 

Cross Blood Service.  

 

Table 2.6 Primers used in KIR3DL1 multiplex PCR* 

Target Primer  
Ann. 
Temp1. 
(°C) 

Extension 
Time 
(min) 

Cycle 
no. 

Amplicon 
Size (bp) Sequence 

HIGH1*001  202A3-F 
66.8 3:45 35 1573 

GCTATACAAAGAAGACAGAATCCA
CA 

HIGH1*001 607C-R GGGAGCTGACAACTGATAGGG 
HIGH2*002/S1 202G-F 

62.5 4:00 35 
KIR3DL1: 
1573 
KIR3DS1: 
1933 

CAAAGAAGACAGAATCCACG 

HIGH2*002/S1 607C-R GGGAGCTGACAACTGATAGGG 

Null*004 ConsF 
65.2 3:30 30 2019 

ATCCTGTGCGCTGCTGAGCTGAG 

Null*004 193G-R CATGGAAGATGGGAATGTGGATTC
C 

Low1*005 202A2-F 65.2 3:30 30 1573 CAATTTCATGCTATACAAAGAAGAC
A 
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Low1*005 607T-R GGGRGCTGACAACTGATAGGA 
Low2*007 int6-F 

64 3:45 35 1408 
CAGAGATCTGTGCCAGC 

Low2*007 1021/22-S-R GAGGTCCCAATCAGAACG 
HLA-DR FDRA-360 

   607 
GAGGTAACTGTGCTCACGAACAGC 

HLA-DR RDRA-633 CACGTTCTCTGTAGTCTCTGGG 
*Table based on (377) 
1. Annealing Temperature 
 

KIR3DL1 from donor NK cell RNA was typed as previously described (277). Briefly, 

RNA was isolated from expanded, sorted NK cell cultures using the RNeasy RNA 

extraction kit (Qiagen, Germany) following the manufacturer’s protocol, including 

homogenisation using a QIAshredder (Qiagen, Germany). The extracted RNA was then 

reverse transcribed into cDNA using an oligo dT primer and the Omniscript RT kit 

(Qiagen, Germany) according to manufacturer’s instructions. KIR3D transcripts were 

then amplified from cDNA via PCR, using the KIR3DL1 forward primer 5’ 

CTGTCTGCCTGGCCCAGCGCTGTG 3’ and the reverse primer 5’ 

TCATGGCAGGAGACAACTTTGG 3’ (277). The amplified product was then purified 

from a 0.8% agarose gel (Sigma-Aldrich, USA) using the Wizard® SV Gel and PCR 

Clean-Up kit (Promega, USA). The KIR3D fragment was then ligated into pGEM, 

transformed into NOVA XG E.coli, and plasmids then purified using the AccuPrep© 

Plasmid Mini Extraction Kit (Bioneer Pacific, Australia). Following digestion with EcoRI 

to confirm ligation success, samples were sequenced using T7 and SP6 primers (see 

section 2.1.5). to identify the sequenced KIR3DL1 allotype, with sequenced fragments 

aligned to consensus KIR3DL1 sequences from the curated KIR Immuno 

Polymorphisms Database (IPD) (378) 
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HEK293T cells, a derivative of the human embryonic kidney cells HEK293 (379), were 

cultured in DM10 media comprising of Dulbecco’s Modified Eagle’s media (DMEM) 

(Gibco-BRL, USA) supplemented with 10% (v/v) fetal calf serum (FCS) (Gibco-BRL, 

USA), 7.5 mM HEPES (Sigma-Aldrich, USA), 150 μM Non-Essential Amino Acids 

(Gibco-BRL, USA), 2 mM L-glutamine (Gibco-BRL, USA), 150 μg/ml Streptomycin 

sulphate (Gibco-BRL, USA) and 76 μM 2-mercaptoethanol (Chem-Supply, Australia). 

The 293T culture was maintained below 80% confluency in a T75 flask (Corning, USA) 

at 37°C in a humidified 5% CO2 incubator. Preparation for seeding and passaging of 

293T cells was performed by dislodging cells from culture flasks via pipetting and 

resuspending them in fresh DM10 in a new culture flask.  

 

The 721.221 (221) cell line is a human cell line derived from B-lymphoblast cells which 

are deficient in classical HLA-A, -B and -C expression (380). Jurkat cells are a cell line 

derived from CD4+ve T lymphocytes (381). Both cell lines were cultured in RF10 media, 

comprised of RPMI with 10% FCS and supplements. Ba/F3.LILRB1 cells, a cell line 

derived from mouse pro-B cells (382) and transfected with the LILRB1 receptor (289), 

were cultured in RF10 supplemented with 100 U of IL-3 (PeproTech, USA). The culture 

was maintained in log phase in a T75 flask at 37°C in a humidified 5% CO2 incubator. A 

haemocytometer and trypan blue exclusion was used to count viable cells and calculate 

the appropriate number of cells for experiments.  
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For the generation of stable cell lines, 221 cells were transfected using electroporation 

as previously described (277). Briefly, 1 x 107 cells were washed and resuspended in 

600 μl RPMI then transferred to a pre-chilled 0.4 cm Gene-Pulser electroporation 

cuvette (Bio-Rad, USA) containing 10 μg of plasmid DNA in 50 μl of RPMI. Following 

incubation on ice for ten minutes, cells were then electroporated at 200 V and 975 μF, 

and transferred into 20 ml pre-warmed RF10. Forty-eight hours later, electroporated 

cells were plated at 1 x 105 cells/well, into two 24-well plates and placed under antibiotic 

selection with 0.5 mg/ml Geneticin (G418) (ThermoFisher Scientific, USA) added to 

RF10 media (selection media). The selection media was replaced every four days with 

growth monitored by microscopy and visual inspection, and the surface expression of 

the transfected protein screened by flow cytometry. Stable transfectants used in this 

study are listed in Table 2.7. For reporter cell assays, jurkat cells (1 x 107) were 

transiently transfected with 10 μg plasmid DNA along with 10 μg pGL3-NFAT and 1 μg 

pTK-Renilla at 250 V and 950 μF. Cells were incubated at RT for 10 mins before being 

transferred into 10 ml RF20 media. Transfected jurkat cells were incubated at 37°C, 5% 

CO2 O/N before use. 

  

Table 2.7 Stable 721.221 transfectants used in this study* 

Transfected HLA-I Description Source 
A*24:02  Dr. Saunders 
A*24:02 GFP  This project/ Dr. 

Saunders 
A*24:02 GFP A206K  This project 
A*24:02 mCherry  Dr. Saunders 
B*57:01  Dr. Saunders 
B*57:01 ICP47 Transfected with ICP47 to Dr. Saunders 
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inhibit TAP and lowers 
surface HLA-I expression 

B*57:01 EQED D3 domain mutants Ms. Widjaja 
B*57:01 GFP  This project/ Dr. 

Saunders 
B*57:01 GFP A206K  This project 
B*08:01  Dr. Saunders 
B*08:01 GFP A206K  This project 
Tailswap A*24:02N B*57:01C   This project/ Dr. 

Saunders 
Tailswap B*57:01N A*24:02C  This project/ Dr. 

Saunders 
*All transfected cell lines were kept in 0.5mg/ml G418 selection with addition of 
0.01mg/ml blasticidin for B*57:01 ICP47  

 

2.5 x 105 293T cells were seeded into each well of a 6 well plate and incubated O/N at 

37°C in a humidified 5% CO2 incubator. The cells were then transfected with 1 μg of 

plasmid using FuGENE® HD (Promega, USA) according to manufacturer’s instructions 

using a Fugene to DNA ratio of 6:1. The cells were then incubated at 37°C, 5% CO2 for 

48 hours before staining. 

 

Buffy coats from healthy donors were obtained from the Australian Red Cross Blood 

Service. All donors gave written informed consent and the study was approved by The 

University of Melbourne Human Research Ethics Committee (Project 1238243) and the 

Australian Red Cross Blood Service (Material Supply Deed 16-05VIC-14). PBMC were 

isolated from buffy coats using density centrifugation with Ficoll-Paque (GE Healthcare, 

USA). The PBMC layer was aspirated and washed with RF10, cells were counted and 
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resuspended at 3-6 x 107 cells/ml in freezing media (90% FCS and 10% DMSO) and 

stored in liquid nitrogen. The frozen PBMC were then thawed and washed with RF10 

and resuspended in RF10 supplemented with 100 U of IL-2 (PeproTech, USA) (NK 

Media). PBMC were then rested O/N at 37°C in a humidified 5% CO2 incubator before 

use in experiments. 

 

NK cells were purified from PBMC using the EasySep™ Human NK Cell Enrichment Kit 

(STEMCELL Technologies, Canada) following the manufacturer’s protocol. The 

negatively selected NK cells were then directly used for assays.  

 

Purified NK cells were stained for CD56, CD3, NKG2A and KIR3DL1 using antibodies 

listed in Table 2.8 and sorted for KIR3DL1+ve, CD56+ve and CD3-ve NK cells using a 

FACSAriaII (BD Biosciences, USA). The sorted NK cells were then cultured with feeder 

cells consisting of irradiated (8000rads, 20min) PBMC from the same donor and 221 

cells expressing HLA-G in the presence of IL-2 (100 U) and phytohemagglutinin (Gibco-

BRL, USA) (1.5ng/ml) (275). IL-2 containing media was replenished on expanding NK 

cells every 3-4 days and growth monitored by microscopy before use in assays. 
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Cells were washed in phosphate buffered saline (PBS) with 1% FCS and 0.5 mM 

Ethylenediaminetetraacetic Acid (EDTA) (Chem-Supply, Australia) (FACS wash buffer) 

and then incubated on ice for thirty minutes with primary antibody diluted appropriately 

in FACS wash buffer (Table 2.8). For directly conjugated antibodies, cells were then 

washed and fixed using 2% paraformaldehyde (PFA) (ProSciTech, Australia) at 4ºC for 

30 mins before washing and analysis. For indirect immunofluorescence, following 

washing, secondary antibody diluted appropriately in FACS wash buffer was added to 

the cells and incubated for 30 mins on ice. The cells were then washed and fixed in 2% 

PFA at 4ºC for 30 mins and then washed. The fixed samples were then run on a BD 

LSRFORTESSA cell analyzer (BD Biosciences, USA) and analysed using FlowJo 

software (Tree Star, USA). 

 

Table 2.8 Antibodies used for flow cytometry 

Antibody Clone Species Dilution factor Manufacturer 
Anti-NKB1 DX9 Mouse 1:50 BD Pharmingen, USA 
Anti-KIR2DL2/L3/S2 GL183 Mouse 1:50 Beckman Coulter, USA 
Anti-CD107a  H4A3 Mouse 1:100 Becton Dickinson, USA 
Anti-CD56 NCAM16.2 Mouse 1:50 Becton Dickinson, USA 
anti-IFNγ B27 Mouse 1:100 Becton Dickinson, USA 
Anti-KIR2DL1/S1  EB6 Mouse 1:50 Beckman Coulter, USA 
Anti-KIR3DL2 (Biotinylated) DX31 Mouse 1:2000 A kind gift from Karl-

Johan Malmberg, 
Karolinska University 
Hospital, Stockholm, 
Sweden  

Anti-CD3 SK7 Mouse 1:100 Becton Dickinson, USA 
Anti-ILT2 HP-F1 Mouse 1:30 Life Research/Jomar, 

Australia 
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Anti-Bw4 F57.9.63 Mouse 1:100 In-house 
Pan HLA-I antibody W6/32 Mouse 1:50 In-house 
W6/32 Fab fragment AF647   1:50 Fab from Dr. J. Vivian, 

AF647 conjugation done 
during this project using 
kit (ThermoFisher 
Scientific, USA) 

Anti-Bw6 REA143 Mouse 1:20 Miltenyi Biotec, 
Germany 

Anti NKG2A Z199 Mouse 1:50 Beckman Coulter, USA 
Anti-mouse IgG antibody 
PE 

AF6-120.1 Mouse 1:100 BD Pharmingen, USA 

Anti-mouse IgG antibody 
AF488 

Polyclonal Donkey 1:100 ThermoFisher Scientific, 
USA 

Anti-mouse IgG antibody 
AF647 

Polyclonal Rabbit 1:100 ThermoFisher Scientific, 
USA 

Anti-mouse IgM antibody  R6-60.2 Rat 1:100 BD Pharmingen, USA 

 

Purified NK cells (1 x 105) or expanded primary NK cells (1 x 105) were co-incubated 

with 221 cells or 221 transfectants at a 1:1 ratio, with/without rituximab (10 μg/ml) (clone 

SAP-10063468, Roche, Switzerland), into in a U-bottom 96 well plate for 5 hours at 

37ºC and 5% CO2. Anti-CD107a antibody was added at the start of the assay, followed 

by monensin (BD Biosciences, USA) one hour later. After incubation, the cells were 

pelleted using centrifugation (1800 rpm, 5 min), were washed with FACS wash buffer 

and then stained using the ‘Education Assay Antibody Cocktail’ consisting of anti-CD56, 

CD3, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1, KIR3DL2/S1 and 

live/dead stain (see Table 2.8). Cells were then fixed and permeabilized 

(cytofix/cytoperm kit, BD Biosciences, USA) for intracellular staining of IFNγ using an 

anti-IFNγ antibody followed by analysis using flow cytometry. The data were then 

analysed using FlowJo software, with NK cell activation quantified by the percentage of 

CD107a, IFNγ, or CD107a and IFNγ producing NK cells.  
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Jurkat cells transfected with pMIG.KIR3DL1+CD3ζ constructs (allotypes *001, *002, 

*004, *005, *007, *008, *009, *015, *017 and *020), along with pGL3-NFAT-luciferase 

and pTK-Renilla, were co-incubated with HLA-B*57:01 expressing 221 cells at a 1:1 

ratio for 5 hours in a round-bottom 96 well plate (Corning, USA). Cells were then 

pelleted, resuspended in 50 μl RF10 and transferred to an opaque, white, flat-bottom 96 

well plate and luminescence then detected using the Dual-Glo® Luciferase Assay 

System (Promega, USA) with a Clariostar® luminometer (BMG LABTECH, Germany) 

according to the manufacturer’s instructions. The luminescence values obtained from 

untransfected Jurkat cells and targets (background luminescence) was first subtracted 

and the NFAT-luciferase luminescence was then normalised to the renilla luminescence. 

The data were then analysed and plotted in GraphPad Prism software with statistics 

performed using an unpaired, non-parametric student t-test when comparing between 

two data groups, and an unpaired, non-parametric, one-way ANOVA test for 

comparison between multiple data groups. The transfected Jurkat cells were also 

screened for KIR3DL1 surface expression and the co-expression of plasmid-encoded 

GFP by flow cytometry. 

 

A µ-Slide 8 well chamber coverslip (ibidi, Germany) was coated with 0.01% poly-L-

Lysine (Sigma-Aldrich, USA), incubated at Room Temperature (RT) for 10 mins and 
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then left to dry. The chambers were then washed with PBS and allowed to dry before 

seeding with 8 x 104 cells in RPMI media with 10% FCS and supplements. For FRAP, 

221 cells expressing eGFP-tagged, monomeric eGFP-tagged or untagged HLA-I were 

analysed. For untagged HLA-I, transfected 221 cells were stained with Alexa647-

conjugated W6/32 Fab (Fragment antigen-binding, conjugated with the Alexa Fluor™ 

647 antibody labelling kit (ThermoFisher Scientific, USA)) for 15 mins at RT, washed 

and resuspended in complete media before immediate imaging. Confocal live cell 

microscopy was then performed using a Leica TCS SP5 imaging system with a 40X 1.4 

objective, which allows an optical thickness of 0.5 µm within a 37ºC environment. FRAP 

analysis was performed utilizing the FRAP wizard application within the Leica 

Application Software LAS. Photobleaching was performed using 100% laser power (488 

nm wavelength for GFP and 633nm for Alexa647) (5 frames, 1 s each), followed by the 

acquisition of post-bleach images (300 frames, 0.1 s each). A minimum of eight cells for 

each HLA-I transfected cell line was analysed for each experiment, with each 

experiment repeated three times. Quantification of fluorescence recovery was 

performed by measuring pixel intensities within the FRAP region normalized to the total 

cell and background fluorescence values. Data analysis was performed using 

GraphPad Prism software with the percentage of total fluorescence recovered and t1/2 

determined. Statistical analysis was performed using a two-way ANOVA test with 

GraphPad Prism software. The membrane lateral mobility was then calculated using the 

formula D = r2 / 4t½ (383,384).  
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Recombinant HLA-B*57:01/LF9 and HLA-B*08:01/FLR were generated as previously 

described (385,386). Briefly, competent BL21 star one shot (DE3) pLysS E.coli were 

transformed with pET-B57 or pET-B8 expression constructs, containing a BirA tag, as 

described in section 2.1.1.4. The transformed bacteria was then plated on LB plates 

with 30 μg/ml kanamycin and 34 μg/ml chloramphenicol, and incubated O/N at 37ºC. A 

single colony was then used to inoculate 10 ml LB and incubated O/N at 37ºC with 

shaking. This culture was then subsequently used to inoculate 1 litre of LB (with 

kanamycin and chloramphenicol) and incubated at 37ºC until reaching an OD600 reading 

of 0.6-0.9. Protein expression was induced with 1 ml of Isopropyl B-D-1-

thiogalactopyranoside (IPTG) (1M) (Bioline, USA) and the cultures incubated for a 

subsequent 4 hours at 37ºC. Following incubation, the cells were pelleted using 

centrifugation (3000 rpm, 4ºC, 25 mins) and then resuspended in 9 ml Resuspension 

buffer (50 mM Tris-HCl pH 8, 25% sucrose and 1 mM EDTA) with 100 μl of dithiothreitol 

(DTT), 12 μl of pepstatin (1 mg/ml) and 25 μl of phenylmethysulfonyl fuoride (PMSF) 

(100 mM).  

 

To extract protein from inclusion bodies, 2.5x volumes of Lysis buffer (50 mM Tris-HCl 

pH 8, 1% Triton-X100, 1% Na deoxycholate, 100 mM NaCl) was then added together 

with lysozyme (1 mg), DNaseI (1 mg) (Sigma-Aldrich, USA), MgCl2 (5 mM) (Finechem, 

Australia) and DTT (10 mM) (Sigma-Aldrich, USA), followed by incubation at RT for 20 

mins with shaking. 800 μl of 0.5M EDTA was then added and the lysate was 
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homogenized for 30 secs using a homogenizer (Polytron® homogeniser, Kinematica, 

Switzerland) (setting at 20). The lysate was then centrifuged for 15 mins (12000 rpm at 

4ºC) and the pellet then washed using 100 ml of Wash buffer 1 (50 mM Tris-HCl pH 8, 

0.5% Triton-X100, 100 mM NaCl and 1 mM EDTA) with 200 μl of DTT, 200 μl of PMSF 

and 100 μl of pepstatin. This washing step was repeated until a clear pellet was 

achieved. The clear pellet was then washed using 100 ml of Wash buffer 2 (50 mM Tris-

HCl pH 8 and 1 mM EDTA) with 200 μl of DTT, 200 μl of PMSF and 100 μl of pepstatin 

added. The pellet was then resuspended in 10 ml of Urea buffer (25 mM 2-(N-

morpholino) ethanesulfonic acid (MES), 8 M Urea and 10 mM EDTA) with 2 μl of DTT, 

20 μl of PMSF and 10 μl of pepstatin, and homogenized. The solution was then 

incubated for 1 hr at RT, followed by centrifugation for 30 mins (12000 rpm at 4ºC). The 

supernatant was then collected and frozen at -80ºC for protein refolding. The 

concentration of the protein in the supernatant was quantified using spectrophotometry 

and a bovine serum albumin (BSA) concentration range control.  

 

25 mg of inclusion body preparation HLA class I heavy chain was injected (25 gauge 

needle) into 500 ml of refolding buffer (HLA-B*08:01: 100 mM Tris-HCl, 2 mM EDTA, 

400 mM L-Arginine-HCl, 0.5 mM Oxidised Glutathione, 5 mM Reduced Glutathione; 

HLA-B*57:01: 100 mM Tris-HCl, 2 mM EDTA, 400 mM L-Arginine-HCl, 0.5 mM 

Oxidised Glutathione, 1.5 mM Reduced Glutathione, 4 M Urea), along with 10 mg β2m 

and 10 mg of peptide (LF9 (LSSPVTKSF) for HLA-B*57:01 and FLR (FLRGRAYGL) for 

HLA-B*08:01), plus PMSF and pepstatin at 4ºC. Heavy chain protein injection was 
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repeated twice more at intervals of 8-12 hours. The refold mixture was incubated at 4ºC 

for 2-3 days with stirring, and was then transferred into dialysis tubing cellulose 

membrane (Sigma-Aldrich, USA) and dialysed against 20 mM Tris-HCl pH 8 with stirring 

at 4ºC O/N. After dialysis, the refold mixture was filtered and passed through a DEAE 

sepharose (Sigma-Aldrich, USA) anion exchange column. The protein was then eluted 

using a solution containing 350 mM NaCl and 20 mM Tris-HCl pH 8 and was 

concentrated to ~1 ml using an Amicon Ultra-15 centrifugal filter unit (Sigma-Aldrich, 

USA) and centrifuged at 3300 rpm at 4ºC. The concentrated refolded protein was then 

run through a superdex 75 HR 16/60 (Pharmacia, USA) gel filtration column and the 

flow through containing properly refolded protein (heavy chain, β2m and peptide) was 

collected and concentrated to ~0.8 ml using Amicon Ultra-15 centrifugal filter unit 

(MilliporeSigma, USA), quantified and stored at -80ºC.  

 

The refolded HLA-I proteins with BirA tags were biotinylated with biotin-protein ligase 

(BirA) (1 mg/ml) at a ratio of 2.5 μg/mg protein in equal parts Buffer A (0.5 M bicine 

buffer, pH 8.3) and Buffer B (100 mM ATP, 100 mM MgOAc, 500 μM d-biotin), and 

incubated at RT for 30 mins (387). Excess biotin was removed using a PD10 column 

(Amercham Biosciences, United Kingdom). The biotinylated protein was then 

conjugated to streptavidin PE (ThermoFisher Scientific, USA) using manufacturer’s 

protocol to form HLA-I tetramers. HLA-B*57:01 tetramers with additional peptides were 

produced by Dr. Saunders. 
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The integrity of the HLA-I tetramers was verified by staining LILRB1 expressing Ba/F3 

cells with 12, 40, 110, 330 and 1000 ng of tetramer. Cells were first washed using FACS 

wash buffer and then incubated on ice for thirty minutes with tetramer in 50 µl FACS 

wash buffer. The cells were then washed and fixed using 2 % paraformaldehyde at 4ºC 

for 30 mins. Following washing, the fixed samples were then run on a BD 

LSRFORTESSA cell analyser and analysed using FlowJo software. Working 

concentrations of tetramers were chosen using comparable staining (mean 

fluorescence intensity; MFI) of the various HLA-I tetramers and then used for staining of 

KIR3DL1-transfected 293T cells as above. 
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Chapter 3: The hierarchy of KIR3DL1 and HLA-Bw4 

interactions in individuals influences NK cell education and 

correlates with HIV control 
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The recognition of HLA class I molecules (HLA-I) is of critical importance for Natural 

Killer (NK) cells both for their acquisition of effector functions in a process called 

“education” as well as for their capacity to recognize transformed or virus-infected 

cells. Inhibitory members of the Killer cell Immunoglobulin-like Receptor family (iKIR) 

have been observed to be strong mediators of NK cell education (265,323,337). 

However the expression patterns of HLA-I-reactive receptors is quite varied with 

different iKIR, along with CD94-NKG2A and LILRB1 receptors, expressed on 

overlapping subsets of NK cells creating numerous subpopulations (94). 

Consequently, individual NK cells can differ in their capacity to recognize self-

encoded HLA-I allotypes, with some NK cells expressing multiple self-reactive 

inhibitory receptors, while others may lack such receptors altogether. Furthermore, 

how the expression of iKIR is impacted by the expression of their cognate ligands is 

unclear. While some evidence suggests that the presence of cognate HLA-I ligands 

drives higher frequencies of iKIR-expressing cells (315), others suggest it results in 

lower frequencies or that the frequency of iKIR expression is completely unrelated to 

the presence of cognate ligands (311,388).  

 

The capacity of inhibitory receptors to recognize ligand is also impacted by 

polymorphisms within both individual iKIR and HLA-I. For example, NK cells 

expressing the HLA-Bw4-specific receptor KIR3DL1*005 were readily inhibited by 

the expression of HLA-A*24:02 on target cells, whereas KIR3DL1*001 and *015-

expressing NK cells were only weakly inhibited by the same HLA-I molecule (275). 

Similarly, the highly polymorphic nature of HLA-I molecules, even within a KIR ligand 
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family, also has the potential to modulate their recognition by NK cells. This is 

exemplified by the comparison of the response of KIR3DL1+ve NK cells to target cells 

expressing HLA-B*57:01 and HLA-A*24:02 that possess identical HLA-Bw4 

sequences. Notably, HLA-B*57:01 inhibits activation of KIR3DL1+ve NK cells 

regardless of their KIR3DL1 allotype whereas the inhibitory potency of HLA-A*24:02 

is more limited (311,315). In the past, both the surface expression level of KIR3DL1 

and the nature of residue 80 on HLA-Bw4 molecules have been used to define 

strong or weak KIR3DL1/HLA-Bw4 pairings (281), yet recent studies suggest that the 

binding of KIR3DL1 and HLA-Bw4 is more nuanced and that there exist distinct and 

different HLA-Bw4 binding hierarchies for the various KIR3DL1 allotypes that do not 

strictly correlate with either cell surface expression or the presence of isoleucine at 

position 80 (275).  

 

As the genes encoding both KIR and their ligands are found on different 

chromosomes, there is no strict genetic linkage between the presence of a receptor 

and its cognate ligand. It has been hypothesized that the presence of functional 

interactions between inhibitory receptors and self-encoded HLA-I allotypes “educate” 

NK cells. This means that NK cells lacking self-HLA-specific inhibitory receptors do 

not acquire full functional potential, whereas those that possess iKIR that can 

recognize self HLA-I allotypes are highly responsive to HLA-I deficient target cells. 

While the model for education is often presented as a binary, ‘educated’ verses ‘non-

educated’ process, data demonstrating that allotypic variation in both receptor and 

ligand impacts the extent of target cell protection suggests that differences in the 

strength of KIR/HLA-I interactions may influence education and ultimately have 

clinical significance (see section 1.8).  
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This therefore leads to the hypothesis that NK cell education is variable and can be 

influenced by the strength of the iKIR and ligand interaction. Moreover, it remains 

unknown how the expression of additional iKIR on NK cells impacts on education. 

Hence, the aims of this chapter are to: 1) examine the NK cell education potential 

when multiple iKIR are expressed; 2) investigate whether the strength of receptor-

ligand interactions impact on NK cell education and; 3) to correlate this functional 

data with disease control in the setting of HIV infection.  
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To assess how genetic variation in iKIR and HLA-I impacts on the quality of their 

interactions and subsequent NK cell education, a cohort of 103 donors was 

established. Healthy donor peripheral blood mononuclear cells (PBMC) were 

processed from buffy coats obtained from the Australian Red Cross Blood Service, 

with genomic DNA extracted for HLA-I typing (performed by the Australian Red 

Cross Blood Service) and for KIR3DL1 allotyping (see section 3.2.6). NK cells were 

then isolated from PBMC, the expression of NK cell inhibitory receptors 

characterized, and their capacity to respond to HLA-I-deficient 721.221 cells 

assessed (Figure 3.1). 

 

 

Figure 3.1 Experimental methodology from sample processing to quantifying 

NK cell education. 

Buffy coats from healthy donors were obtained from the Australian Red Cross Blood 
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Service and PBMC isolated, establishing a library of donor PBMCs. Genomic DNA 

was then extracted from donor PBMC and sent for HLA-I typing at the Australian 

Red Cross Blood Service and used for KIR3DL1 subtyping using a multiplex PCR 

approach. To assess education and phenotyping, NK cells were purified from PBMC 

and incubated with the HLA-I deficient 721.221 cell line followed by staining with a 

panel of antibodies for NK cell markers and inhibitory receptors, and then analyzed 

using flow cytometry. 

 

In order to characterize donor NK cells, purified NK cells were stained with a cocktail 

of monoclonal antibodies (mAb) specific for CD56, CD3 and a range of KIR along 

with NKG2A and LILRB1. NK cells were defined as CD56+ve, CD3-ve and live/dead 

stain-ve (Figure 3.2), and the expression patterns of NKG2A, LILRB1, KIR2DL1/S1, 

KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2 were then assessed. Notably, the EB6 and 

GL183 antibodies used to detect KIR2DL1 and KIR2DL2/L3 also recognize the 

activating receptors KIR2DS1 and KIR2DS2 respectively (for full detail of cohort KIR 

and respective ligand frequencies see Appendix A.1 and A.2).  
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Figure 3.2 Gating strategy for inhibitory receptor subset identification. 

Purified NK cells were labeled with live/dead stain and a panel of NK cell marker and inhibitory receptor antibodies (CD3, CD56, 

NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2). These labeled NK cells were then analyzed using flow 

cytometry and Flowjo® software. Representative plots depict the gating strategy for specific inhibitory receptor-expressing subsets 

of NK cells. Gate on NK cells: lymphocytes were first gated on using forward (FSC) and side scatter (SSC), then single cells gated 

for using forward scatter height and area, and finally live NK cells were gated on as live/dead stain-ve, CD3-ve and CD56+ve. Gate on 

specific inhibitory receptors: The expression of specific inhibitory receptors (NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, 

KIR3DL1 and KIR3DL2) was assessed on total NK cells. 
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To assess whether the presence of cognate HLA-I ligands influences the proportion 

of NK cell subpopulations expressing their respective KIR, the frequency of NK cells 

expressing defined KIR in the presence or absence of their cognate ligands was 

compared (Figure 3.3). In all cases, the proportion of NK cells expressing a specific 

inhibitory KIR was not significantly different between donors with or without their 

respective ligand. There were however differences in the frequencies of NK cell 

subpopulations expressing individual KIR with KIR3DL2 being expressed at the 

highest frequency (~35%, ±SEM 1.8) followed by KIR2DL2/L3 (~30%, ±SEM 1.4), 

KIR2DL1 (~25%, ±SEM 1.1) and then KIR3DL1 (~25%, ±SEM 1.4). 
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Figure 3.3 The proportion of NK cells expressing a given KIR is not influenced 

by the presence or absence of their cognate ligand. 

Purified NK cells were labeled with live/dead stain, and stained with antibodies 

specific for CD3, CD56, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2. NK 

cells were then analyzed using flow cytometry and Flowjo® software. NK cells 

expressing (A) KIR3DL1, (B) KIR2DL1/S1, (C) KIR3DL2, and (D) KIR2DL2/L3/S2 

were then gated for and the frequency of NK cells expressing each KIR quantified in 

donors with or without their respective HLA-I ligands (based on HLA typing). Data 

were graphed and statistics calculated using GraphPad Prism software using an 

unpaired, non-parametric t-test. 
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The influence of the presence of HLA-encoded ligands on the proportion of NK cells 

expressing one, two or three different KIR was then assessed. The initial analyses 

focused on cells expressing KIR2DL1, KIR2DL2/3 and KIR3DL1 and excluded 

KIR3DL2 since it possesses an ITSM motif, suggesting that its function may be 

distinct from other inhibitory KIR. (389,390). Cells co-expressing LILRB1 and NKG2A 

were also excluded from this analysis and assessed separately (see section 3.2.3). 

As illustrated in Figure 3.4, single, live NK cells were gated on as CD56+ve and CD3-

ve followed by gating to select cells that were LILRB1-ve, NKG2A-ve and KIR3DL2-ve.  
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Figure 3.4 Gating strategy for NK cell subsets expressing combinations of KIR3DL1, KIR2DL1 and KIR2DL2/L3 receptors. 

Purified NK cells from donor PBMC were labeled with live/dead stain and a panel of NK cell marker and inhibitory receptor 

antibodies (CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2), and fixed. NK cells were then 

analyzed using flow cytometry and Flowjo® software. To isolate specific inhibitory receptor-expressing subsets of NK cells, 

lymphocytes were first gated on using forward and side scatter, followed by gating on single cells using forward scatter height and 

area, and subsequently live NK cells were gated as live/dead stain-ve, CD3-ve and CD56+ve. NK cells expressing NKG2A and 

LILRB1 were then gated out, followed by gating for either KIR3DL2-ve, KIR3DL1+ve or KIR3DL2-ve, KIR3DL1-ve and within each of 

these gates, the NK cell subsets expressing KIR2DL1/S1 and/or KIR2DL2/L3/S2 were then gated on, yielding various combinations 

of inhibitory KIR-expressing NK cell subpopulations.  
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In donors who possessed cognate HLA-Bw4, HLA-C1 and HLA-C2 ligands, a large 

subpopulation of NK cells, approximately 40%, was found to lack KIR3DL1 and 

KIR2DL1/L2/L3, as well as KIR3DL2, NKG2A, and LILRB1 as an extension of the 

gating procedure (Figure 3.5A). NK cells expressing a single KIR were all found in 

similar proportions (~15%) regardless of the KIR while those that expressed two KIR 

(KIR3DL1 and KIR2DL1, KIR3DL1 and KIR2DL2/3 or KIR2DL1 and KIR2DL2/3) 

were each present at about 8%, and those that expressed all three KIR constituted 

approximately ~4% of the total NK cell population (Figure 3.5A). The “product rule” 

suggests that the proportion of NK cells that express multiple KIR should correspond 

to the multiplication of the frequencies of single KIR expressing NK cells (391). 

Comparison of the proportions of NK cell subpopulations that expressed one or 

multiple KIR showed this same pattern, where the frequency of NK cells expressing 

multiple KIR was lower than those expressing just one. Although the proportions did 

not strictly conform to the “product rule”, the frequencies of NK cells that expressed 

three KIR was lower than those with two KIR, which was lower than the frequency of 

NK cells expressing only one.  
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Figure 3.5 Frequencies of KIR-expressing NK cell subsets are not influenced 

by the presence or absence of respective ligands. 

Purified NK cells from HLA-Bw4+ve, -C1+ve and -C2+ve donor PBMC were labeled with 

live/dead stain and a panel of NK cell marker and inhibitory receptor antibodies (CD3, 

CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2), 

fixed and then analyzed using flow cytometry and Flowjo® software. Specific 

inhibitory receptor-expressing subsets of NK cells were gated as live/dead stain-ve, 

CD3-ve, CD56+ve, NKG2A-ve, LILRB1-ve and KIR3DL2-ve. NK cells expressing 

KIR2DL1, KIR2DL2/3 and/or KIR3DL1 were subgrouped based on the co-expression 

of one, two or three KIR. (A) Frequencies of specified combinations of KIR-

expressing NK cell subpopulations. (B) The presence and absence of respective 

HLA-I ligands in relation to the frequency of the various NK cell subpopulations: (i) in 

the presence and absence of HLA-Bw4; (ii) in the presence and absence of HLA-C1; 

and (iii) in the presence and absence of HLA-C2. 

 

The influence of cognate ligand on the expression of KIR was then assessed by 

comparing the proportion of NK cells expressing combinations of KIR3DL1, KIR2DL1 

and KIR2DL2/L3, in the presence or absence of HLA-Bw4 (Figure 3.5Bi), HLA-C2 (ii) 

and HLA-C1 (iii). Again, as observed when examining the total frequency of NK cells 

that expressed each KIR (Figure 3.3), the presence of cognate HLA-I ligands had no 

apparent impact on the patterns of co-expressed KIR. For example, in all NK cell 

subpopulations that expressed KIR3DL1 (Figure 3.5Bi), donors with the cognate 

HLA-Bw4 ligand had similar frequencies of NK cells expressing KIR3DL1, either 

alone or in combination with other KIR, compared to donors without the HLA-Bw4 
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ligand. A similar observation was also found for NK cells expressing KIR2DL1 or 

KIR2DL2/3/S2 (Figure 3.5Bii and iii). 

 

Overall, the number of KIR expressed on an NK cell subpopulation was inversely 

proportional to their frequency, where the frequency of NK cell subpopulations that 

expressed no KIR was highest followed by one and two KIR, whereas those that 

expressed all three KIR occurred at the lowest frequency. Therefore, these results 

suggest that inhibitory KIR expression is not influenced significantly by the presence 

or absence of their respective cognate HLA-I ligands. 

 

The inhibitory receptors LILRB1 and NKG2A are also often expressed at high 

frequencies among NK cells. To therefore determine whether the proportion of 

NKG2A- and LILRB1-expressing NK cells was influenced by the number of KIR/HLA-

I pairings present, the proportion of NKG2A- and LILRB1-expressing NK cells was 

assessed. While donors with two or more KIR/HLA-I ligand pairs had similar 

frequencies of NKG2A-expressing NK cells, there was a significantly lower frequency 

of NKG2A+ve cells in donors that had only one KIR/HLA-I pair (Figure 3.6A). Parallel 

analyses showed similar proportions of LILRB1-expressing NK cells irrespective of 

the number of cognate KIR/ligand pairings, although there was a trend for elevated 

expression in donors with a high number of pairs (Figure 3.6B).  
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Figure 3.6 The proportion of NKG2A and LILRB1-expressing NK cells varies in 

donors with different numbers of inhibitory KIR. 

Purified NK cells from HLA class I typed donor PBMC (n=103) were live/dead 

stained and labeled with a panel of NK cell marker and inhibitory receptor antibodies 

(CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and 

KIR3DL2), fixed and analyzed using flow cytometry and Flowjo® software. Donors 

were grouped on the basis of the number of surface expressed KIR with a matched 

cognate HLA class I ligand (KIR-ligand). (A) Total NK cells expressing NKG2A were 

then gated for and the correlation between the number of KIR-ligand pairs was 

determined. (B) Similarly, Total NK cells expressing LILRB1 were gated for and the 

correlation between the number of KIR-ligand pairs was determined. Data were 

graphed and statistics calculated with GraphPad Prism software, using an unpaired, 

non-parametric, t-test. 
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While there was little evidence that the presence of cognate ligands impacted the 

proportion of NK cells expressing any given KIR, it has been proposed that HLA-I 

ligands impact the functional potential of NK cells (275,348,350). To investigate this 

in more detail, the capacity of NK cells expressing defined KIR/HLA combinations to 

respond to the HLA-I deficient B lymphoblastoid cell line 721.221 (221) was next 

assessed. This technique has broadly been used as a measure of NK cell education 

(334,350,392,393), with the activation of NK cells here quantified by determining the 

proportion of cells that degranulated (CD107a expression) and/or produced IFNγ. As 

expected, in the absence of any stimulation, the proportion of total NK cells that 

stained for CD107a or IFNγ was low (<10%) (Figure 3.7). Conversely, following 

stimulation with Phorbol 12-Myristate 13-Acetate and Ionomycin (PMAI), 

approximately 60% of NK cells were activated as defined by the expression of both 

CD107a and IFNγ. Co-culture with 221 cells also stimulated degranulation and IFNγ 

production by NK cells, albeit to a lower degree than PMAI, with an average 18% of 

NK cells responding.  
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Figure 3.7 HLA-I deficient 721.221 cells stimulate degranulation and IFNγ 

production from resting NK cells. 

Purified NK cells from donor PBMC (n=103) were incubated with HLA-I deficient 

721.221 cells at a 1:1 ratio or stimulated using PMA and Ionomycin (PMAI) in the 

presence of anti-CD107a antibody and monensin for 5 hours. Cells were then 

stained with live/dead and for NK cell markers, fix/permeabilized and stained for 

IFNγ. Cells were then analyzed using flow cytometry and Flowjo® software and data 

was graphed using GraphPad Prism software.  

  

Following stimulation with 221 cells, NK cells expressing individual KIR were defined 

using the gating strategy shown in Figure 3.2 and the response of individual subsets 

assessed (Figure 3.8A). There was no significant difference in the response of 

KIR3DL2+ve NK cells in donors who possessed HLA-A3/A11 compared to those who 

lacked these allotypes, irrespective of whether the proportion of CD107a+ve cells, 
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IFNγ+ve cells or CD107a/IFNγ+ve cells was assessed (Figure 3.8B.ii). In contrast, 

analyses of NK cells that expressed KIR3DL1, KIR2DL1 or KIR2DL2/L3 in the 

presence or absence of donor-encoded HLA-Bw4, -C2 or -C1 HLA-I allotypes 

showed a more complex relationship (Figure 3.8B.i, iii & iv). Interestingly, there was 

no significant difference in the total proportion of CD107a-expressing NK cells 

between donors who did or did not express cognate ligands for KIR3DL1 and 

KIR2DL1, with significance only observed in KIR2DL2/L3+ve subpopulations with or 

without HLA-C1 (Figure 3.8B.iv). However, analyses that incorporated the 

production of IFNγ, (i.e. the proportion of IFNγ+ve or IFNγ/CD107a+ve NK cells) 

suggested that the presence of cognate ligands did impact the activation of NK cells 

expressing KIR2DL1, KIR2DL2/3 or KIR3DL1 (Figure 3.8B.i, iii & iv). Since the 

strength of KIR/HLA interactions was most directly reflected in the proportion of cells 

that were IFNγ+ve/CD107+ve, this was subsequently used as the primary indicator of 

NK cell activation. 
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Figure 3.8 The presence of KIR3DL1, KIR2DL1 and KIR2DL2/L3 but not 

KIR3DL2 ligand pairing leads to better NK cell education. 

Purified NK cells from donor PBMC (n=103) were incubated with HLA-I deficient 

721.221 cells at a 1:1 ratio for five hours in the presence of CD107a antibody and 

monensin. Cells were then labeled with live/dead stain and a panel of NK cell marker 

and inhibitory receptor antibodies (CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, 

KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2). Cells were then fixed, permeabilized and 

stained for IFNγ. NK cells were then analyzed using flow cytometry and Flowjo® 

software, gating on CD56+ve, CD3-ve and NKG2A-ve NK cells expressing specific KIR. 

(A) Representative dot plots for IFNγ production by KIR3DL1+ve NK cells from two 

donors, one that possessed the cognate HLA-Bw4 ligand (Donor AE) and one that 

did not (Donor BO), with or without 721.221 cell stimulation. (B) The percentage of 

NK cells that expressed CD107a, IFNγ or both CD107a and IFNγ from (i) 

KIR3DL1+ve, (ii) KIR3DL2+ve, (iii) KIR2DL1+ve or (iv) KIR2DL2/3+ve subpopulations, 

stratified on the basis of whether the donor expressed (i) HLA-Bw4, (ii) -A3/A11, (iii) 

-HLA-C2 or (iv) HLA-C1 molecules. Data was graphed and statistics calculated 

using GraphPad Prism software, using an unpaired, non-parametric t-test. 

 

In the presence of their cognate HLA-I ligands, the KIR3DL1, KIR2DL1 or 

KIR2DL2/L3-expressing NK cells each had a similar proportion of IFNγ+ve NK cells, at 

a frequency of around 8%, compared to approximately 4% of KIR-expressing NK 

cells in the absence of their respective HLA-I ligand. Similarly, the frequencies of 

IFNγ/CD107a+ve NK cells were similar between the KIR3DL1, KIR2DL1 or 

KIR2DL2/L3-expressing subpopulations, with a higher frequency (around 4%) 
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observed in the presence of their ligand, compared to 2% in the absence of ligand. 

Thus the data support the hypothesis that interactions between inhibitory KIR and 

self-encoded HLA-I ligands results in enhanced responses to HLA-I deficient target 

cells but that this enhanced activation is largely limited to IFNγ production.  

 

Since individual NK cells can express varied numbers of KIR receptors, the relative 

contributions of KIR3DL1, KIR2DL1 and KIR2DL2/L3 to NK cell education were next 

assessed. Donors that possessed all three KIR along with each of their respective 

ligands were analyzed, with subpopulations of NK cells expressing each possible 

combination of KIR examined separately (excluding cells that expressed KIR3DL2, 

NKG2A and LILRB1). Following co-culture with 221 cells, NK cells that lacked all 

three KIR exhibited very low degrees of activation (approximately 0.5%, ±SEM 0.149) 

as assessed by the frequency of CD107a/IFNγ+ve NK cells (Figure 3.9). NK cells that 

expressed a single KIR demonstrated slightly increased proportions of NK cells 

expressing CD107a and IFNγ compared to NK cells that did not express any KIR. 

This difference, however, was only significant for KIR3DL1 and KIR2DL1 single 

positive NK cells.  
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Figure 3.9 NK cell education increases with multiple KIR expression. 

Purified NK cells from donors expressing all three inhibitory KIR and their 

corresponding HLA ligands (n=83) were incubated with HLA-I deficient 721.221 cells 

as targets at a 1:1 ratio for five hours in the presence of CD107a antibody and 

monensin. NK cells were stained with live/dead and a panel of NK cell marker and 

inhibitory receptor antibodies (CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, 

KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2) and were then fixed. Cells were 

permeabilized, stained for IFNγ and then analyzed using flow cytometry and Flowjo® 

software. Live, single, NKG2A-ve/LILRB1-ve NK cells were gated for either KIR3DL2-

ve/KIR3DL1+ve or KIR3DL2-ve/KIR3DL1-ve and within each of these gates, the NK cells 

subsets expressing KIR2DL1/S1 and/or KIR2DL2/L3/S2 were then gated on. NK cell 

subpopulations were assessed for degranulation (CD107a) and IFNγ production. 

Data was graphed, and statistics calculated using GraphPad Prism software, using 

an unpaired, non-parametric t-test. 
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There was also a significant increase in the proportion of CD107a/IFNγ+ve NK cells 

among cells that expressed two KIR relative to those that lacked KIR with those 

expressing KIR3DL1 and KIR2DL1 having a slightly higher degree of activation than 

the other combinations. Nevertheless, NK cells that expressed two KIR were not 

significantly different in their activation from NK cells that expressed only one KIR. 

NK cells that expressed all three KIR had the highest responses, which were 

significantly higher than those from NK cells that expressed only one KIR and those 

that did not express any KIR. Therefore, the expression of more KIR in the presence 

of their cognate ligands appears to increase the potential of those NK cells to 

respond to HLA-I deficiency.  

 

To further assess the contribution of individual KIR/HLA-I interactions to NK cell 

education, the response of the various subpopulations of KIR-expressing NK cells to 

HLA-I deficient targets was compared between donors that expressed all three KIR 

with or without individual HLA-I ligand groups (Figure 3.10). To examine the 

education potential of KIR3DL1, the NK cell subpopulations from HLA-C1/C2+ve 

donors with or without HLA-Bw4 were compared (Figure 3.10A). Consistent with a 

contribution to NK cell education, in the presence of the HLA-Bw4 ligand KIR3DL1+ve 

NK cells had increased responses compared to the responses in the absence of the 

HLA-Bw4 ligand. This was most pronounced in the subpopulation of NK cells that 

expressed KIR3DL1/KIR2DL2/L3, but was not evident in NK cells expressing 

KIR3DL1/KIR2DL1. Conversely, the presence or absence of HLA-Bw4 had minimal 

impact on the education of KIR3DL1-ve populations, with the exception of single 

positive KIR2DL2/L3/S2 NK cells, which might be due to the presence of the 

activating KIR2DS2 or other receptors.  



108 
 

 

Figure 3.10 Presence of KIR-ligand pairs variably impacts on the education 

potential of NK cells. 

Purified NK cells from donors expressing all three inhibitory KIR and their 

corresponding HLA ligands (n=83) were incubated with HLA-I deficient 721.221 cells 

at a 1:1 ratio for five hours in the presence of CD107a antibody and monensin. NK 

cells were stained with live/dead and a panel of NK cell marker and inhibitory 

receptor antibodies (CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, 

KIR3DL1 and KIR3DL2) and fixed. Cells were permeabilized, stained for IFNγ and 

analyzed using flow cytometry and Flowjo® software. Single, live, NKG2A-ve/LILRB1-
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ve NK cells were gated for either KIR3DL2-ve/KIR3DL1+ve or KIR3DL2-ve/KIR3DL1-ve 

and within each of these gates, the NK cell subsets expressing KIR2DL1/S1 and/or 

KIR2DL2/L3/S2 were then gated on. The percentage of degranulation (CD107a) and 

IFNγ production by the subsets was then assessed and stratified on the basis of 

HLA-I expression: (A) HLA-C1+ve/HLA-C2+ve donors with or without HLA-Bw4, (B) 

HLA-Bw4+ve/HLA-C2+ve donors with or without HLA-C1; and (C) HLA-Bw4+ve/HLA-

C1+ve donors with or without HLA-C2. Data was graphed, and statistics calculated 

using GraphPad Prism software, using an unpaired, non-parametric t-test. 

 

In donors with both HLA-Bw4 and HLA-C2, but who differed with respect to the 

presence of HLA-C1 allotypes, NK cells expressing either all three KIR 

(KIR3DL1/KIR2DL1/KIR2DL2/L3) or KIR3DL1/KIR2DL2/L3 were shown to have 

elevated responses to 221 cells in the presence of HLA-C1 allotypes compared to 

those who lacked these alleles (Figure 3.10B). There was only a slight increase in 

the response of KIR2DL1/KIR2DL2/L3 expressing NK cells in the presence of HLA-

C1. It is interesting, however, that the NK cell population expressing only KIR3DL1 or 

KIR2DL1 or KIR2DL2/L3 showed an elevated response to 221 cells in the presence 

of HLA-C1. 

 

Analysis of the effect of the HLA-C2 ligand in HLA-Bw4+ve and HLA-C1+ve donors 

showed increased activation in NK cell populations that expressing all three KIR, 

KIR3DL1/KIR2DL1 and KIR2DL1 alone when the HLA-C2 ligand was present 

(Figure 3.12C). Somewhat surprisingly, the responses of NK cells expressing 

KIR3DL1 (either alone or in combination with KIR2DL2/3) were also elevated in 
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donors who possessed HLA-C2 ligands possibly reflective of genetic linkage of high 

affinity HLA-Bw4 ligands for KIR3DL1 with HLA-C2 allotypes. Taken together, the 

combination of KIR expressed on NK cells was associated with education. 

 

The previous analyses showed a relationship between the expression of KIR3DL1, 

KIR2DL1 or KIR2DL2/L3 with HLA-Bw4, -C2 or -C1 allotypes respectively and the 

NK cell response to HLA-I-deficient target cells. However, both KIR and HLA-I are 

highly polymorphic which could markedly impact the quality of their interaction. The 

impact of this genetic variability was assessed by selecting donors who expressed 

KIR3DL1 and analyzing the activation of CD3-veCD56+veKIR3DL1+ve NK cells that 

lacked NKG2A, KIR2DL1, KIR2DL2/L3 and KIR3DL2 (as outlined in Figure 3.11).  
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Figure 3.11 Gating strategy for NK cell subsets expressing only KIR3DL1. 

Purified NK cells from donor PBMC were incubated with HLA-I deficient 721.221 cells at a 1:1 ratio for five hours in the presence of 

CD107a antibody and monensin. NK cells were labeled with live/dead and stained with a panel of NK cell marker and inhibitory 

receptor antibodies (CD3, CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2) and fixed. Cells were 

then permeabilized, stained for IFNγ, and analyzed using flow cytometry and Flowjo® software. For gating on only KIR3DL1-

expressing NK cells, live, single NK cells (CD3-ve/ CD56+ve) not expressing NKG2A were gated on, followed by gating on KIR2DL1-

ve/KIR2DL2/L3-ve NK cells. From these, KIR3DL2-ve NK cells were then gated on, yielding KIR3DL1 expressing NK cells without 

other inhibitory receptors except LILRB1. Degranulation, which is represented by CD107a surface expression, and IFNγ production 

by this subset was then quantified. 
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Consistent with previous results (Figure 3.10), stratification of KIR3DL1+ve donors on 

the basis of the presence or absence of HLA-Bw4 allotypes revealed a significantly 

higher proportion of NK cells to be CD107a/IFNγ+ve within the KIR3DL1+ve NK cell 

subpopulation in donors who possessed HLA-Bw4 alleles (Figure 3.12). Notably, 

among HLA-Bw4+ve donors, there was a large spread in the proportion of responding 

KIR3DL1+ve cells. This variability seemed to create three distinct levels of responses; 

donors who possessed high proportions of responsive NK cells (~10%), those that 

had an intermediate proportion of responsive NK cells (~5%) and those that had only 

a low frequency (~1%) of responsive NK cells, the latter of which were similar to the 

response of the HLA-Bw4-ve group. These data therefore suggested that the mere 

presence of HLA-Bw4 allotypes was not strictly predictive of education of 

KIR3DL1+ve NK cells. 

 

 

Figure 3.12 Variation in NK cell education among donors with KIR3DL1 and 

HLA-Bw4 pairing. 
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Purified NK cells from KIR3DL1+ve donors (including both HLA-Bw4+ve and -Bw4-ve) 

were incubated with HLA-I deficient 721.221 cells as targets at a 1:1 ratio for five 

hours in the presence of CD107a antibody and monensin. NK cells were stained for 

live/dead and a panel of NK cell marker and inhibitory receptor antibodies (CD3, 

CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2). 

Cells were fixed, permeabilized and stained for IFNγ. NK cells were then analyzed 

using flow cytometry and Flowjo® software. Single-positive KIR3DL1-expressing NK 

cells were gated on and were quantified for the degree of education by the 

percentage of degranulation (CD107a) and IFNγ production. Degranulation and IFNγ 

production by KIR3DL1+ve NK cells was compared between donors with or without 

HLA-Bw4. Data was graphed, and statistics calculated using GraphPad Prism 

software, using an unpaired, non-parametric t-test. 

 

Since HLA-I genes are expressed in a co-dominant manner, possession of multiple 

copies of HLA-Bw4 alleles may impact cell surface levels of HLA-Bw4 and potentially 

the overall avidity of the interaction with KIR3DL1. Consequently the activation of 

KIR3DL1+ve NK cells was compared across donors with differing numbers of HLA-

Bw4 alleles. Marked variation in the proportion of responding cells in HLA-Bw4+ve 

donors, irrespective of the number of HLA-Bw4 alleles present, was observed 

(Figure 3.13A). The presence of a single HLA-Bw4 allele was associated with a 

statistically significant elevation in response relative to donors who lacked HLA-Bw4 

alleles. The presence of two or three HLA-Bw4 alleles had no significant impact 
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which may simply reflect the relatively limited number of donors assessed who 

possessed multiple HLA-Bw4 alleles and/or that factors other than simply the 

presence/absence of HLA-Bw4 alleles drive education. 
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Figure 3.13 Combinations of HLA-Bw4 alleles within individuals contributes to 

HLA-Bw4 surface expression levels but does not correlate with NK cell 

education potential. 

Purified NK cells from KIR3DL1+ve donors (including both HLA-Bw4+ve and -Bw4-ve) 

were incubated with HLA-I deficient 721.221 cells at a 1:1 ratio for five hours in the 

presence of anti-CD107a antibody and monensin. NK cells were stained with 

live/dead stain and a panel of NK cell marker and inhibitory receptor antibodies (CD3, 
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CD56, NKG2A, LILRB1, KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2). NK 

cells were additionally stained with anti-Bw4-dylight650 antibody. Cells were fixed, 

permeabilized and stained for IFNγ. NK cells were then analyzed using flow 

cytometry and Flowjo® software, gating on single-positive KIR3DL1-expressing NK 

cells. Degranulation and IFNγ production by KIR3DL1+ve NK cells was compared 

between donors with different numbers of HLA-Bw4 alleles (A). (B, C and D) The 

mean fluorescence intensity (MFI) of HLA-Bw4 surface expression was ascertained 

for HLA-I typed donors (denoted by two initials) and compared between donors 

within single experiments (HLA-Bw4 alleles are indicated in red). The MFI of (E) 

HLA-Bw4 and (F) KIR3DL1 from ten separate experiments was correlated against 

the activation of matched donor KIR3DL1+ve NK cells. Data was graphed, and 

statistics calculated using GraphPad Prism software, using an unpaired, non-

parametric t-test (A) or Spearman’s correlation test (E and F). 

 

To further ascertain whether the density of HLA-Bw4 impacted the education of 

KIR3DL1+ve NK cells, the HLA-Bw4 surface expression of HLA-I typed donors 

assayed together in individual experiments was compared. As expected, donors who 

lacked alleles containing the Bw4 motif were not stained with the anti-Bw4 antibody 

(Figure 3.13B and C). In most cases, possession of additional HLA-Bw4 allotypes 

led to higher cell surface expression of the Bw4 serotype (Figure 3.13B and D). For 

example, donors that had only one Bw4+ve HLA-I, such as AX (HLA-B*51:01) and BB 

(HLA-B*44:02), had lower HLA-Bw4 expression compared to those that had two 

HLA-Bw4 alleles, such as donors AY (HLA-B*51:01 and -B*49:01), AW (HLA-

B*44:02 and -B*27:05) and BC (HLA-A*23:01 and B*44:03). There were however, 

exceptions to this observation where, for example, the HLA-Bw4 staining of donor 
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CL who possessed two Bw4+ve HLA-I alleles (HLA-A*24:02 and B*51:01), was lower 

than that for donor CI who possessed only the HLA-A*24:02 allele (Figure 3.13C). 

Overall, variation was observed in the levels of HLA-Bw4 surface expression, 

potentially reflecting intrinsic differences in HLA-Bw4 allotype and/or competition for 

peptide loading. 

 

Since differences in cell surface expression of HLA-Bw4 allotypes could impact the 

avidity of the interaction with KIR3DL1, the relationship between HLA-Bw4 

expression and 221-induced activation of KIR3LD1+ve NK cells was assessed. Again, 

no clear correlation between cell surface expression levels of HLA-Bw4 and the 

magnitude of the KIR3DL1+ve NK cell response was observed (Figure 3.13E). 

Furthermore, since allele dependent variation in KIR3DL1 expression has been 

reported (299), the activation of KIR3LDL1+ve NK cells following stimulation with 221 

cells was also correlated with the surface expression of KIR3LDL1 itself (Figure 

3.13F). Again, no obvious correlation between the level of KIR3DL1 surface 

expression and education potential was observed. Taken together, while the levels 

of expression of both KIR3DL1 and HLA-Bw4 allotypes may impact the avidity of 

their interaction, they nevertheless did not robustly correlate with the response to 

221 cells suggesting other factors such as the affinity of the interaction may more 

directly correlate with education potential. 

 



118 
 

Previous studies have suggested that HLA-Bw4 allotypes that possess an isoleucine 

at position 80 are the preferred ligands of KIR3DL1 (278,281). Consequently the 

response of KIR3DL1+ve NK cells was compared in donors who have either HLA-

Bw4 alleles with only isoleucine or threonine at position 80, or both (Figure 3.14). 

Approximately 5% of KIR3DL1+ve NK cells from donors with HLA-Bw480I and -

Bw480I/T responded to HLA-I deficient targets, while HLA-Bw480T donors had a slightly 

lower average frequency of NK cells responding at around 4%. However, the 

differences were not significant where similar to the response across all HLA-Bw4+ve 

donors (Figure 3.12), KIR3DL1+ve NK cells from each subset of donors (HLA-Bw480I, 

-Bw480T and -Bw4 80I/T ) also exhibited significant variation in their response to 221 

cells.  

 

 

Figure 3.14 Education of KIR3DL1+ve NK cells by HLA-Bw4 molecules is not 

impacted by HLA-Bw4 amino acid residue 80. 
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Purified NK cells from HLA-typed, HLA-Bw4+ve donors (n=26) were incubated with 

HLA-I deficient 721.221 cells at a 1:1 ratio for five hours in the presence of anti-

CD107a antibody and monensin, followed by staining for live/dead and with a panel 

of NK cell marker and inhibitory receptor antibodies (CD3, CD56, NKG2A, LILRB1, 

KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2). NK cells were then fixed, 

permeabilized and stained for IFNγ, followed by analysis using flow cytometry and 

Flowjo® software. Degranulation (CD107a surface expression) and IFNγ production 

by KIR3DL1+ve NK cells was compared on the basis of the dimorphic residue 80I/T 

on Bw4+ve HLA. Data was graphed and statistics calculated using GraphPad Prism 

software, using an unpaired, non-parametric, one-way ANOVA test. 

 

Since neither HLA-Bw4 and KIR3DL1 surface expression levels nor the presence of 

HLA-Bw480I alleles correlated significantly with the magnitude of the 221-induced 

response of KIR3DL1+ve NK cells, we hypothesized that allotypic variation might 

impact the strength of KIR3DL1/HLA-Bw4 interactions and result in disparate levels 

of activation. Like their HLA-I ligands, KIR3DL1 is also highly polymorphic and 

allotypic variants have been shown to differ in their levels of cell surface expression 

and specificity for HLA-I (300,319,320). To better characterize the allotypic variation 

in KIR3DL1 present within the cohort, a multiplex PCR technique was employed 

(377). This approach assigned KIR3DL1 alleles to one of five subgroups: Null, Low 1, 

Low 2, High 1 and High 2/S1, where each individual subgroup is dominated by 

particular high frequency allotypes including KIR3DL1*004, *005, *007, *001 and 

*002/KIR3DS1*013 respectively (Table 3.1). These five subgroups are so named for 
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their observed surface expression levels and are differentiated by specific, unique 

polymorphisms at five nucleotide positions (193, 202. 607 and 1021-1022), which 

are also reflected in amino acid differences (377). Using this technique, genomic 

DNA (gDNA) extracted from donor PBMC was typed for KIR3DL1 (Figure 3.15).  

 

Table 3.1 KIR3DL1 subgroups differentiated by multiplex PCR 

KIR3DL1 

subgroup 

High frequency alleles Pos 193/ 

aa 44 

Pos 202/ 

aa 47 

Pos 607/ 

aa 182 

Pos1021-1022/ 

aa 320 

Null *004 *004a, *019, *021, *036, 

*037, *039, *040, *056, 

*063, *069, *072 

G/ G A/ I T/ S T-G/ V 

Low 1 *005 A/ R A/ I T/ S C-A OR T-G/ I 

Low 2 *007, *032, *068 A/ R G/ V C/ P C-G/ V 

High 1 *001, *016 A/ R A/ I C/ P C-A OR T-G/ I 

High 2/S1 *002, *015, *008, *009, 

*020, *029 

A/ R G/ V C/ P C-A/ I 

aText in red represents the highest frequency allotypes from studied populations. 

Highlighted in light grey are the defining polymorphisms used to distinguish the 

allotype subgroup. Table adapted from (377). 

 



121 
 

 

Figure 3.15 Identification of donor KIR3DL1 subgroups by multiplex PCR. 

Buffy coats from healthy donors were obtained from the Australian Red Cross Blood 

Service and PBMC isolated. Genomic DNA was extracted from donor PBMC and 

250ng, 50ng or 10ng gDNA was used to subtype KIR3DL1 using a previously 

described multiplex PCR approach (377). Primer sets were used to distinguish 

KIR3DL1 allotypes, based on the presence or absence of bands, into five subgroups: 

(A) High 1 (*001/*016), (B) High 2 (*002/*015/*008)/S1, (C) Null (*004), (D) Low 1 

(*005) and (E) Low 2 (*007). A DR primer set targeting the invariant HLA-II was used 

as a positive control for the presence of genomic DNA and amplification. The PCR 

product was run through a 2% agarose gel and imaged using UV light (GeneSnap, 

Sygene).  
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The KIR3DL1 allele group observed at the highest frequency among the Australian 

study cohort was the High 2 subgroup, which includes the KIR3DL1*002/*015 and 

*008 alleles present in 30% of donors (Figure 3.16). This was followed by the S1, 

High 1, Null and Low 1 groups at frequencies of 19%, 17%, 17% and 15% 

respectively. Lastly, the Low 2 subgroup dominated by *007 was found at the lowest 

frequency of 2% in the study cohort (for a detailed list of donor typing see Appendix 

A.3).  

 

Figure 3.16 Frequencies of KIR3DL1 subgroups within the Australian study 

cohort. 

Genomic DNA was extracted from donor PBMC (n=103) and KIR3DL1 subtyped 

using a previously described multiplex PCR approach with primer sets for five 

KIR3DL1 subgroups: High1 (dark blue), High2 (orange), S1 (green), Null (light blue), 

Low1 (grey) and Low2 (yellow), with the frequency of each KIR3DL1 allotype 

depicted. 
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To be able to rank the quality of the identified KIR3DL1 and HLA-I type pairing in the 

donor, a system was established to quantify the interaction between defined 

KIR3DL1 allotypes and 100 different HLA-I allotypes. This approach relied on the 

production of recombinant, biotinylated KIR3DL1 proteins, which were converted into 

fluorescent tetramers through the addition of phycoerythrin-coupled streptavidin. 

Tetramers of distinct KIR3DL1 allotypes were then incubated with fluorescently 

labeled beads coated with 100 distinct HLA-I molecules and the binding to each 

bead quantified. The KIR3DL1 allotypes chosen for analysis were: KIR3DL1*001, 

*002, *004, *005, *008, *009, *015, *020 and *029, which are high frequency 

allotypes that account for the alleles present in around 90% of most current admixed 

populations (Appendix A.4).  

 

As expected, screening each KIR3DL1 tetramer against the panel of HLA-I coated 

beads showed all KIR3DL1 allotypes to preferentially interact with HLA-I allotypes 

that possessed the Bw4 motif, but also revealed variation in the capacity of different 

KIR3DL1 allotypes to bind to given HLA-I. To facilitate comparisons across allotypes, 

the binding for each KIR3DL1 tetramer was normalized based on the strongest 

binding to an individual HLA-I allotype, which in each case was HLA-B*57:01. 

Following normalization, analyses of the patterns of binding revealed differences in 

the capacity of KIR3DL1 allotypes to bind to the ligand-coated beads (Table 3.2), 

with differences seen in the hierarchies of HLA-I allotypes recognized by individual 

KIR3DL1 allotypes. For example, while the avidity score for the binding of most 
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KIR3DL1 allotypes to HLA-B*44:03 was between 46-50% of that of HLA-B*57:01, in 

the case of KIR3DL1*005 it was much higher (80.5%). Similarly, the interaction 

between KIR3DL1*005 with HLA-A-encoded Bw4 allotypes such as HLA-A*24:02 

was much stronger than that observed for allotypes such as KIR3DL1*015 or *001 

suggesting that KIR3DL1 allotypes can have marked differences in their fine 

specificity. 
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Table 3.2 Binding of KIR3DL1 allotypes to HLA-I coated beads* 

*Only the highest frequency allotypes for each KIR3DL1 subgroup (High1, High2, 

Low1 and Null) are shown. For full table of tested KIR3DL1 allotypes see Appendix 

A.5. 

 

The allele-specific binding data was then used to assess whether the strength of 

KIR3DL1/HLA-Bw4 combinations correlated with donor-to-donor variation in the 

response of KIR3DL1+ve NK cells to 221 cells. However since individual donors may 

possess multiple KIR3DL1 and/or HLA-Bw4 allotypes, donor-specific avidity scores 

HLA Normalised binding HLA Normalised binding HLA Normalised binding HLA Normalised binding
B*57:01 100.00 B*57:01 100 B*57:01 100 B*57:01 100.00
B*57:03 91.27 B*58:01 93.15833683 B*57:03 74.66845878 B*44:03 80.52
B*58:01 90.40 B*53:01 87.70264595 B*58:01 73.69175627 B*58:01 80.50
B*49:01 82.33 B*49:01 83.72532549 B*53:01 65.11648746 B*57:03 76.87
A*32:01 80.81 B*57:03 80.66778664 B*38:01 54.87455197 B*49:01 71.54
B*53:01 73.64 A*32:01 73.66232675 B*44:03 52.95698925 B*53:01 66.45
B*38:01 68.73 B*15:13 48.07643847 B*49:01 52.70609319 B*38:01 60.32
B*15:13 51.55 B*59:01 47.22385552 A*32:01 39.67741935 A*32:01 57.79
B*59:01 46.99 B*38:01 44.94750105 B*15:13 33.89784946 A*24:03 51.75
B*44:03 46.67 B*47:01 42.28895422 B*15:16 33.26164875 B*47:01 50.35
B*47:01 45.89 B*51:02 41.31037379 B*44:02 32.03405018 A*24:02 47.74
B*15:16 45.85 B*44:03 38.7400252 B*51:01 31.67562724 B*15:13 46.20
B*51:02 44.66 B*51:01 38.63082738 B*47:01 31.25448029 B*59:01 43.54
B*51:01 41.37 B*52:01 34.88030239 A*24:03 30.00896057 B*44:02 43.29
A*24:03 35.41 A*24:03 32.16295674 B*51:02 27.24910394 B*51:02 41.73
A*24:02 32.43 B*15:16 30.54178916 A*24:02 24.14874552 B*51:01 39.32
B*44:02 30.77 A*24:02 21.01637967 B*37:01 23.53942652 B*15:16 39.19
B*52:01 25.58 B*44:02 18.7652247 B*59:01 22.25806452 B*37:01 35.51
B*37:01 23.97 B*37:01 16.64426711 B*52:01 13.39605735 A*23:01 24.42
B*27:05 6.88 A*23:01 4.96850063 A*23:01 4.856630824 B*52:01 23.53
A*23:01 5.12 B*27:05 4.44351113 B*27:05 3.11827957 B*27:05 21.97
B*13:01 1.24 B*13:01 1.138177236 B*13:01 0.394265233 B*13:01 9.43
B*46:01 0.20 B*15:11 0.02099958 B*46:01 0.385304659 B*13:02 3.41
B*15:11 0.16 A*11:01 0.116487455 B*46:01 3.35

B*54:01 0.080645161 A*11:01 3.07
B*15:02 1.28
B*54:01 0.94
B*15:11 0.94
A*69:01 0.91
A*68:02 0.61
B*15:12 0.58
B*35:01 0.54
B*15:03 0.37
B*48:01 0.35
B*15:10 0.33
B*15:01 0.31
B*82:01 0.26
B*14:01 0.26
B*55:01 0.16
A*03:01 0.14
A*29:02 0.10
B*45:01 0.10
B*07:02 0.02

KIR3DL1*001 (High1) KIR3DL1*008 (High2) KIR3DL1*004 (Null) KIR3DL1*005 (low1)
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were calculated in three distinct ways: (a) the single highest binding score of all the 

KIR3DL1/HLA-Bw4 combinations present within an individual, (b) the average 

binding score of all KIR3DL1/HLA-Bw4 combinations or alternatively (c) the sum of 

the binding scores of all KIR3DL1/HLA-Bw4 interactions present within the donor. 

Additionally, while high resolution allele level typing was available for the HLA-I loci, 

only low level resolution from the multiplex PCR was determined for KIR3DL1. 

Therefore, the highest frequency KIR3DL1 allotypes found in Caucasian populations 

(Appendix A.6) were used to represent each subgroup, where KIR3DL1*001 was 

used for High 1, KIR3DL1*004 for Null and KIR3DL1*005 for Low 1. As the highest 

frequency KIR3DL1 allotype in the High 2 subgroup varied between populations, 

KIR3DL1*008 was taken as the representative since the cohort showed similar HLA-I 

allelic composition to European populations. Additionally, sequence analyses of 

mRNA from KIR3DL1+ve NK cells generated from a number of the donors from the 

same cohort also found KIR3DL1*008 to be at a high frequency in the High 2 

subgroup (P. Saunders unpublished observations). Moreover, since the binding 

patterns did not significantly differ across the High 2 group (Appendix A.7) the 

choice of representative allele for this this group would likely not significantly impact 

the analysis. 

 

Focusing on the single highest KIR3DL1/HLA-I allelic combinations within each 

donor, the KIR3DL1+ve NK cell responses against HLA-I deficient targets were 

segregated into three groups: those donors who were Bw4-ve, those that had a 

binding score more than 30 and those that had a binding score less than or equal to 

30. While “30” is an arbitrary value, it was chosen because it corresponded to the 

value of the KIR3DL1*015/HLA-A*24:02 binding score which has previously been 
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demonstrated to be only weakly protective in functional assays (275,284). The 

response of KIR3DL1+ve NK cells from donors with a high binding score (>30) were 

significantly greater than those from donors that did not have a HLA-Bw4 ligand 

(Bw4-ve) as well as those that had KIR3DL1/HLA-Bw4 pairs that were only weakly 

reactive (<30) (Figure 3.17). Moreover there was no significant difference in the 

response of cells isolated from donors with low binding pairs compared with those 

that lacked HLA-Bw4 alleles altogether.  
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Figure 3.17 The strength of the KIR3DL1/HLA-Bw4 interaction influences 

education. 

Purified NK cells from KIR3DL1+ve donors (n=51) were incubated with HLA-I deficient 

721.221 cells at a 1:1 ratio for five hours in the presence of CD107a antibody and 

monensin. NK cells were then stained with live/dead stain and a panel of NK cell 

marker and inhibitory receptor antibodies. Cells were fixed, permeabilized and 

stained for IFNγ. NK cells were analyzed using flow cytometry and Flowjo® software, 

gating on live, single positive KIR3DL1-expressing NK cells and the degree of 

education quantified by degranulation (CD107a) and IFNγ production. Donors were 

divided on the basis of their Bw4 status and Binding Score, with a cut off of 30 (0-30 

and 31-100). Data was graphed, and statistics calculated using GraphPad Prism 

software, using an unpaired, non-parametric, one-way ANOVA test. 

 

While using an arbitrary threshold value of 30 demonstrated that high avidity 

interactions were associated with elevated responsiveness, the analyses did not 

address the potential for multiple KIR3DL1 alleles or HLA-Bw4 alleles to each 
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contribute to NK cell education. To better address this, the three different binding 

scores generated for each individual were considered as a continuous variable 

against the response to 221 cells. A robust, strong correlation was observed 

between the avidity score and the extent of NK cell activation when using the binding 

value derived from the single highest individual KIR3DL1/HLA-I allotypic pair within 

each donor (r =0.4635) (Figure 3.18A). Similarly, binding values calculated from the 

average of the KIR3DL1/HLA-Bw4 pairings or the sum of the pairings also were 

associated with an education response, but the correlations were slightly weaker, 

0.4428 and 0.4007 respectively (Figure 3.18B and C). This data therefore suggests 

that the strength of the KIR/HLA interaction positively influences the degree of NK 

cell education. 
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Figure 3.18 NK cell education correlates with the strength of KIR3DL1/HLA-Bw4 binding. 

Purified KIR3DL1+ve NK cells from n=51 donors were incubated with HLA-I deficient 721.221 cells at a 1:1 ratio for five hours in the 

presence of anti-CD107a antibody and monensin. Cells were stained with live/dead and a panel of NK cell markers and inhibitory 

receptor antibodies, and fixed. NK cells were permeabilized, stained for IFNγ and analyzed using flow cytometry and Flowjo® 

software. The response of KIR3DL1+ve NK cells (CD107a and IFNγ expression) was plotted against the Binding Score of the donor 

KIR3DL1 and HLA-Bw4 pairing based upon (A) the highest binding pair, (B) the average binding score for all HLA-Bw4 present, 

and (C) the sum of all binding pairs. Data were graphed and statistics calculated using GraphPad Prism software, using an 

unpaired, non-parametric Spearman’s correlation test. 
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The importance of NK cell education for antibody dependent NK cell activation is not 

yet fully understood with some studies suggesting it has no impact on responses and 

others implicating it in modulating antibody-dependent responses in vivo (330,394-

397). Therefore, having established a correlation between the strength of the 

KIR3DL1/HLA-Bw4 pairing and the response to HLA deficient target cells, the 

capacity of KIR3DL1/HLA-I interactions to modulate CD16-dependent activation of 

NK cells was next assessed. Purified NK cells were cultured in the presence of 221 

cells in the presence of Rituximab (RTX), a therapeutic monoclonal antibody (mAb) 

that targets CD20 on B-lymphocytes (including 221 cells) to induce antibody 

dependent NK cell activation (398,399).  

 

As previously demonstrated, following incubation with 221 cells, there was significant 

variation in the proportion of KIR3DL1+ve NK cells that degranulated and produced 

IFNγ (Figure 3.19A and B). In the presence of RTX alone, there was little evidence 

of activation, however 221 cells incubated with RTX stimulated a robust NK cell 

response that was enhanced relative to that induced by 221 cells alone, 

demonstrating the capacity of CD16 to deliver potent activating signals.  

 

To determine whether was there any correlation between the education status of NK 

cells and the degree of antibody dependent NK cell activation, the RTX-induced 

response of each donor was correlated with the donors’ KIR3DL1/HLA-Bw4 avidity 

scores and were similarly examined based on their single highest binding score 



132 
 

(Figure 3.19C), average (Figure 3.19D) or the sum (Figure 3.19E) of all the 

possible KIR3DL1/HLA-Bw4 avidity values. In contrast to the natural cytotoxicity 

response against HLA-I deficient targets, there was no correlation between the 

magnitude of antibody-dependent activation with the avidity scores based on the 

highest avidity score or average binding score. There was however a weak 

correlation (spearman r value of 0.3245) when the score was derived from the sum 

of all the possible KIR3DL1/HLA-Bw4 combinations. Additionally, robust RTX-

induced responses were observed in KIR3DL1+ve NK cells from Bw4-ve donors. 

Taken together, these data suggest that the antibody dependent NK cell activation, 

at least as assessed in vitro, is independent of education mediated by KIR3DL1.  
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Figure 3.19 Antibody dependent NK cell activation is independent of NK cell education. 

Purified NK cells from KIR3DL1+ve donors (n=51) were incubated with HLA-I deficient 721.221 cells at a 1:1 ratio for five hours in 

the presence of anti-CD107a antibody, monensin, and with or without the anti-CD20 antibody Rituximab (RTX). NK cells were then 

stained with live/dead stain and a panel of NK cell marker and inhibitory receptor antibodies (CD3, CD56, NKG2A, LILRB1, 

KIR2DL1/S1, KIR2DL2/L3/S2, KIR3DL1 and KIR3DL2) and were fixed, permeabilized and stained for IFNγ. Single positive, 

KIR3DL1+ve NK cells were then analyzed using flow cytometry and Flowjo® software, quantifying the percentage of NK cells that 

expressed CD107a and IFNγ. (A) Representative plots depicting the expression of CD107a and IFNγ on KIR3DL1 single positive 

NK cells following various stimulus. (B) The percentage of CD107 and IFNγ produced by KIR3DL1 single positive NK cells was 

compared and analyzed using an unpaired, non-parametric, one-way ANOVA test. The degree of NK cell activation in the presence 

of 221 cells and RTX was plotted against the donor KIR3DL1/HLA-Bw4 Binding Score for (C) the highest binding pair, (D) the 

average binding pair and (E) sum of all binding pairs. Data was graphed and statistics calculated using GraphPad Prism software, 

and analyzed using an unpaired, non-parametric Spearman’s correlation test. 
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KIR3DL1/HLA-Bw4 interactions have been implicated in the control of HIV replication 

both in vitro and in vivo (281,350,400). Critically reduced viral replication and 

sustained CD4+ve T cell counts have been associated with individuals who possess 

HLA-Bw4+ve allotypes with Ile80 together with KIR3DL1 alleles with “high” levels of 

cell surface expression (281). This elevated control was hypothesized to result from 

“high affinity” KIR/ligand interactions driving enhanced NK cell education that might 

result in enhanced responses to HIV-infected cells. However in the absence of 

genuine measures of the strength of the interactions between KIR3DL1 and any 

given HLA-I allotype, this hypothesis has largely remained untested.  

 

To investigate the extent to which KIR3DL1/HLA-Bw4 avidity impacted the control of 

HIV infection, avidity scores were generated for a cohort of 3,851 HIV infected 

individuals that were not under antiretroviral therapy (ART), with those for which no 

KIR3DL1/HLA-A/B binding data was available excluded from the study (846 

individuals). The data included 28,684 longitudinal measures of HIV viremia, which 

were then adjusted for allelic effects from HLA-I and KIR3DS1 in a linear mixed 

effects model.  

 

Stratification of the cohort into two groups based on the raw binding values derived 

from the single best KIR3DL1/HLA-I combination and using the 50th percentile as an 

arbitrary cutoff point, showed individuals with higher avidity interactions to have both 

reduced viral loads and elevated CD4+ve T cell counts (Figure 3.20). Additionally, by 

using KIR3DL1/HLA-I binding strength as a z-score, the binding data was also 
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correlated as a continuous variable with viral load. As observed for the correlations 

of in vitro measures of education, a stronger correlation was observed using the 

single highest KIR3DL1/HLA-Bw4 pair Binding Score compared with the average or 

summed values (Table 3.3). Additionally, the viral load also correlated with the 

normalized binding data, which saw stronger correlations and larger effect sizes (p-

value of 1.6x10-84 and 1.7x10-128 before and after normalization respectively) than 

observed simply using the raw MFI values obtained from the bead binding 

experiments. 

 

 

Figure 3.20 KIR3DL1/HLA-A/B allotype pairing influences HIV control. 

(A) The viral load and CD4+ve T cells count of KIR3DL1+ve and HLA-typed HIV+ve 

individuals over time were compared between those individuals with high 

KIR3DL1/HLA-A/B Binding Scores (50th-100th centile, blue) and low binding scores 

(0-50th centile, red).  
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Table 3.3 The maximal KIR3DL1 binding estimate is the best correlate of HIV 

control and normalised to HLA-B*57:01 

Measure of 
KIR3DL1 
binding to HLA-
A and B alleles 

Effect on HIV log10 VL (per z-
score increase in KIR3DL1 
binding)* 

SE p-value 

Maximum -0.131865 0.006751 1.6x10-84 

Mean -0.120920 0.007181 2.13x10-63 

Total -0.099479 0.006729 2.47x10-49 

 

Measure of 
KIR3DL1 
binding to HLA-
A and B alleles 

Effect on HIV log10 VL (per z-
score increase in KIR3DL1 
binding normalised to B*57:01)* 

SE p-value 

Maximum -0.175093 0.007229 1.7x10-128 

Mean -0.173559 0.007821 2.26x10-108 

Total -0.136410 0.007183 4.99x10-80 

* Adjusted for HLA-A, B and C alleles, time post enrolment AND KIR3DS1-Bw480I 

 

An alternative method to both probe the data set more deeply and to in part validate the 

analyses from pooled data, was to assess the correlation between KIR3DL1/HLA-I 

binding and viral load within groups of individuals who possessed the same KIR3DL1 

allotype since this can be done without normalizing the binding data across KIR3DL1 

allotypes. Five KIR3DL1 alleles were present in sufficient frequency for this analysis, 

KIR3LD1*001, *002, *004, *005 and *015. As observed above on the entire cohort, 

increasing binding strength strongly correlated with reduced viral load for each KIR3DL1 
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allele examined (Table 3.4). The impact of these differences in binding on viral load 

were highest in individuals with KIR3DL1*002 (~-0.238 log10) per z-score increase in 

KIR3DL1 binding and lowest for KIR3DL1*005 (~-0.136 log10). Somewhat surprisingly 

given its lack of cell surface expression, there was also a strong correlation between the 

KIR3DL1/HLA-I avidity and viral load in donors who possessed KIR3DL1*004. Overall, 

higher KIR3DL1/HLA-I binding scores correlated with better control of HIV and hence 

suggest that there is a link with NK cell education as a possible mechanism. 

 

Table 3.4 Effect of KIR3DL1 allotypes on HIV control 

KIR3DL1 

allele 

(Allele 

frequency) 

Sample size 

note 

Effect on HIV log10 VL (per z-

score increase in KIR3DL1 

binding)* 

SE p-value 

*001 

(16.8%) 

7933 VL in 840 

individuals 

-0.15726 0.01329 1.09x10-31 

*002 

(10.6%) 

5637 VL in 568 

individuals 

-0.23786 0.016 1.54 x10-47 

*004 

(16.4%) 

7825 VL in 835 

individuals 

-0.18492 0.013 4.67 x10-48 

*005 

(14.3%) 

7382 VL in 726 

individuals 

-0.13596 0.013 1.65 x10-23 

*015 8975 VL in 951 -0.16562 0.011 6.89 x10-50 
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(22.1%) individuals 

*The effect on HIV viral load (VL) was calculated for the five highest frequency KIR3DL1 

allotypes per z-score increase in KIR3DL1/HLA-Bw4 binding in HIV individuals.  
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Differences in the education of NK cells have been proposed to impact numerous 

distinct clinical outcomes in settings spanning immunity to infection, the control of 

malignancies and even reproduction. To better understand the mechanisms 

underpinning NK cell education and its relationship with the capacity to control viral 

infections, the impact of KIR on education in terms of expression and in combination 

with HLA-I was examined and then compared to clinical data. Here, analyses of NK 

cells in a cohort of healthy donors showed that that the HLA-I type of the donor had little 

impact on the frequency of KIR expression but did impact their functional capacity, 

education and ultimately disease control. 

 

While there is enormous diversity in the genes encoding NK cell receptors such as KIR, 

their patterns of expression on NK cells are also highly diverse, creating the potential for 

thousands of different subpopulations (94). The determinants of the frequency of KIR 

expression or co-expression are not yet fully understood with several proposed 

mechanisms. The data here showed that KIR expression frequency could not be 

correlated with the presence of cognate ligands and is consistent with a stochastic 

model of KIR expression as noted by others (401,402). While there was no clear impact 

of the presence of HLA-I encoded ligands on KIR expression, the expression patterns of 

other inhibitory receptors appeared to be related to KIR expression. Notably, there was 

a lower frequency of NKG2A expressing NK cells in donors where more KIR genes 

were expressed as observed in a number of studies (403-405). Given the similarity in 

their signaling and functional potential, KIR and NKG2A may play similar and even 
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partially redundant roles, both having the capacity to educate (330,340,406,407) and 

mediate missing-self recognition (315,408).  

 

In contrast to its effect on the expression patterns of KIR, the HLA-I genotype of a donor 

was associated with the capacity of their NK cells to respond to HLA-I deficient target 

cells. Surprisingly, there was little evidence of NK cell education when CD107a was 

used as the sole measure of NK cell activation.  In contrast as was expected, when 

either the proportion of IFNγ+ve cells or those that expressed both CD107a and IFNγ 

were analysed, the impact of co-expression of HLA-I ligands was evident suggesting 

that the presence of cognate receptor-ligand pairs may have a more profound effect on 

effector functions that require de novo transcription such as cytokine production 

compared with immediate degranulation responses.  

 

IFNγ responses were observed to be greater in cells that expressed the self-reactive 

inhibitory receptors KIR2DL1, KIR2DL2/3 or KIR3DL1 along with their cognate ligands 

compared to cells for which there were no cognate ligands. Strikingly, there was no 

evidence of education mediated through KIR3DL2. This receptor has only one, rather 

than two ITIM in its cytoplasmic tail with one having been converted to a switch motif 

(ITSM) that has been associated with activation (201-205) and which may impact its 

capacity to educate. Moreover, there is also evidence that ligand recognition by 

KIR3DL2 is acutely peptide dependent which might ultimately result in very attenuated 

signal transduction since few peptides bound to HLA-A*3/11 may support functional 

recognition (240). Somewhat surprisingly, in contrast to previous observations, this 
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same correlation was not as evident when activation was inferred from degranulation 

responses. Unlike the majority of studies that have assessed education, the data here 

are based on the responses of purified NK cells in the absence of accessory 

mononuclear cells. It is possible that interactions with these cells and indeed with the 

HLA-I molecules on these cells serves to extend or amplify the differences in education.  

 

A significant proportion of NK cells did not express any of the inhibitory receptors 

(LILRB1, NKG2A, KIR2DL1, KIR2DL2/L3 or KIR3DL1). Strikingly these cells displayed 

poorer activation against HLA-I deficient targets compared to either KIR-expressing or 

NKG2A-expressing NK cells. These “non-educated” NK cells may nevertheless still play 

important roles such as in the killing of opsonized targets, as antibody dependent 

activation still resulted in effector functions similar to those displayed by educated NK 

cells. Indeed, these cells may have significant physiological relevance since non-

educated NK cells have been inferred to mediate responses in patients who have 

received GD2 antibody treatment for neuroblastoma (395).  

 

Among NK cells that expressed only a single KIR, education was strongest in those that 

expressed KIR3DL1 compared with those that expressed KIR2DL1 or KIR2DL2/3. The 

reason for the slightly elevated responses associated with KIR3DL1 is unclear but could 

be due to ligand density since HLA-A/B allotypes are typically expressed at a higher 

level compared to the HLA-C-encoded ligands of KIR2DL1/2/3 (409,410). Somewhat 

surprisingly, the education of NK cells that expressed KIR2DL1 was stronger compared 
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with those that expressed KIR2DL2/3. This increased education associated with 

KIR2DL1 might perhaps reflect a higher potency of KIR2DL1 signaling or differences in 

the quality of receptor-ligand interactions. Alternatively, KIR2DL2/3 have been shown to 

have the capacity to cross react on at least some C2 allotypes, which could also 

potentially drive education. Such interactions would diminish the differences observed 

when donors expressing C1 allotypes were compared with those who possess the “non-

educating” C2 alleles.  Additionally, the mAbs used to identify KIR2DL1, KIR32L2 and 

KIR2DL3 all cross react on activating KIR.  Therefore, while these receptors are 

expressed at lower frequency and are thought to interact with HLA-C weakly, there is 

the potential for this Ab cross reactivity to confound detailed analyses. Additional 

experiments with antibody combinations that can facilitate identification of cells that 

expressing KIR2DS1 and KIR2DS2 are required to resolve this issue. 

 

The roles of activating receptors in NK cell education still remains poorly understood.  It 

has been speculated that the degree of NK cell education is dependent on the 

integration of signals from both activating and inhibitory receptors (338,411,412). 

However, when specifically looking at the effects of NK cell education by activating 

receptors, there is evidence that the presence of cognate ligands may confer tolerance. 

For example, Ly49D+ve NK cells isolated from mice that lack H-2Dd were able to kill 

targets that expressed this allele. Conversely, Ly49D+ve NK cells isolated from H-2Dd 

expressing strains have little cytolytic activity against H-2Dd expressing target cells (413). 

(413). Similarly, Fauriat and colleagues showed that NK cells that expressed KIR2DS1 

from C2 donors had poor responses to target cells (K562) compared to those who 
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expressed KIR2DL1 but not KIR2DS1 (414). However, as the KIR2D antibodies used in 

this in this study cross reacts with both inhibitory and activating receptors, additional 

experiments with antibody combinations that can facilitate identification of cells that 

expressing KIR2DS1 and KIR2DS2 will be required to address the role of such 

activating receptors in NK cell receptors. 

 

When the response of NK cells expressing two or more KIR was examined, the data 

showed that cells expressing multiple KIR were more likely to respond to HLA-I-deficient 

target cells than those that lacked KIR or that expressed only a single KIR. 

Nevertheless, the effect of expressing multiple KIR was not simply additive with cells 

expressing KIR3DL1 and KIR2DL1 (for example) having a similar degree of 

responsiveness to those that also co-expressed KIR2DL2/3 potentially reflecting genetic 

encoded variability in the quality of the interactions between individual KIR and their 

ligands. To better understand the impact of this variation on education and ultimately 

disease control, an individual KIR/HLA interaction, KIR3DL1 and HLA-Bw4, was 

examined in detail. To more formally quantify the interactions between KIR3DL1 and its 

HLA-I encoded ligands, KIR3DL1 tetramers were generated and used to quantify 

binding to 100 distinct HLA-I allotypes. As expected, this showed that the receptor had 

specificity for HLA-I allotypes with the Bw4 motif. Moreover, it also revealed distinct 

differences in the capacity of different Bw4 allotypes to bind KIR3DL1 as well as marked 

fine specificity differences between KIR3DL1 allotypes.  
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The HLA-I binding profiles of the KIR3DL1 allotypes assessed shared many common 

features, for example each binding HLA-B*57:01 and B*58:01 very strongly and B*13:01 

weakly. However, as the polymorphisms between these HLA-B alleles are not directly 

involved in interactions with KIR3DL1, the reasons for the differences in the “ligand 

potency” of different HLA-I allotypes remains unclear. Similarly, KIR3DL1 interactions 

with HLA-A allotypes that possess the Bw4 epitope are generally relatively weak, with 

the exception of HLA-A*32 which is distinct having a Lysine at residue 109 (compared 

to a Phenylalanine in other Bw4+ve HLA-A). Residue 109 does not make contact with 

KIR3DL1 and is located on α2 domain facing towards the side of the HLA-I molecule 

which may be involved in interaction with adjacent molecules. This might possibly 

differentiate the efficiency or permissibility of NK immune synapse formation to a 

signalling capacity by HLA-A*32 relative to other Bw4+ve HLA-As. Alternatively, the it 

may also reflect possible allotypic variation in the peptide repertoire or in the way 

peptide is oriented in the peptide-binding groove since there is complete conservation of 

residues that make direct contacts with KIR3DL1 between HLA-I allotypes that differ 

markedly in their capacity to bind the receptor. 

 

To better discern factors that may impact the education of KIR3DL1+ve NK cells, the 

response to 221 cells was initially correlated with cell surface expression of HLA-I and 

KIR3DL1. There was no significant correlation between the cell surface expression of 

either HLA-I or KIR3DL1 and the extent of education, an observation that differs 

somewhat from those of Boudreau et al., who found that while the overall avidity of 

KIR3DL1/HLA-I interactions correlated with education, so too did both the cell surface 
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expression levels of KIR3DL1 and HLA-I (350). The reasons for these differences are 

unclear but may reflect some stratification of the analyses from Boudreau et al. where 

individuals who had HLA-A encoded Bw4 alleles or who possessed multiple Bw4 alleles 

were excluded from the analyses. Similarly, while early studies had suggested that Bw4 

allotypes with isoleucine at position 80 were the preferred ligands for KIR3DL1, Ile80 did 

not significantly correlate with stronger education, again possibly due to the inclusion in 

the analyses here of common HLA-A encoded Bw4 alleles such as HLA-A*24:02 that 

bind KIR3DL1 weakly despite possessing isoleucine at position 80.  

 

Comparison of the binding profiles of each KIR3DL1 allotype showed broad similarities, 

in particular between high surface expressing alleles like KIR3DL1*008 and *015. The 

specificity profiles of KIR3DL1*005 and *004 were the most distinct, evident in their 

increased recognition of HLA-B*44:03 and decreased recognition of HLA-A*32:01 

relative to other KIR3DL1 allotypes. These data implicates some polymorphic residues 

in both KIR3DL1 (e.g. Leu283 of KIR3DL1*005) and HLA-I (e.g. 145 in HLA-B*13:01) in 

shaping the receptor/ligand interaction, however a fuller understanding of the underlying 

molecular mechanisms will require additional mutagenesis and/or structural studies. 

 

The diversity in the KIR3DL1 locus was assessed using a multiplex PCR reaction that 

subtyped KIR3DL1 alleles into five caterories. The frequency of alleles within each 

subtype suggested that the Australian cohort had a distribution of alleles similar to 

European and Middle Eastern populations where the frequency of alleles in the 
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KIR3DL1 Low 2 subgroup such as *007 was low in contrast to those in the High 2 

subgroup (415,416). While there are clear limitations in only assigning KIR3DL alleles 

into one of five subgroups, sequencing of RNA from KIR3DL1+ve NK cells from an 

overlapping study population have not observed new KIR3DL1 alleles and found only 

the dominant alleles characteristic of each KIR3DL1 subgroup (P. Saunders 

unpublished data). Nevertheless, with this subtyping, avidity scores were assigned to 

each donor based on their genotype and the matrix of binding data. In this case the 

degree of NK cell education was found to significantly correlate with the quality of 

KIR3DL1/HLA-Bw4 binding, with allotypic pairs of higher avidity scores associated with 

larger IFNγ responses. Together with recent studies (275,350), this work suggests that 

KIR-ligand avidity may be a more useful surrogate measure of NK cell education than 

either KIR/HLA expression levels or the presence/absence of Ile80. 

 

Finally, to explore the relevance of genetic variation in the strength of the 

KIR3DL1/HLA-Bw4 interaction in a clinical setting, avidity scores were determined for 

individuals within a large cohort of HIV-infected individuals and correlated with their viral 

load and CD4+ve T cell count. The analyses showed a strong correlation between 

receptor-ligand strength and both viral load and CD4+ve T cell counts in individuals who 

had not undergone ART. As such, the analyses markedly extends previous work by 

Martin and colleagues who found that individuals who possessed KIR3DL1 allotypes 

that had high cell surface expression in conjunction with HLA-B encoded Bw4 alleles 

with isoleucine at position 80 (deemed strong ligands) had slower progression to 
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disease than individuals who had other HLA-I types or KIR3DL1 allotypes that were 

expressed at lower levels (281).  

 

The binding data here demonstrates that while many HLA-B-encoded Bw480I allotypes 

have very strong interactions with most KIR3DL1 allotypes, other Bw480I allotypes may 

bind quite weakly, in particular the majority of those found within HLA-A allotypes which 

were excluded in the analyses of Martin et al. (281). Moreover, many of the HLA-B-

encoded Bw480I allotypes that bind avidly to KIR3DL1 are quite common in many 

populations. Hence, both the work here and that of Martin et al. (348) most likely reflect 

the same fundamental observation, that strong KIR3DL1/HLA-I interactions are 

associated with elevated control of HIV infection. Nevertheless, the binding data here 

now show that Bw480T alleles as well as HLA-A-encoded Bw4 allotypes can contribute 

to viral control since a number of each have the capacity to bind at least certain 

KIR3DL1 allotypes robustly.  

 

Martin and colleagues did not find any correlation between viral load and KIR3DL1 

alleles expressed at low levels with the exception of *004, which in conjunction with 

Bw480I was protective (281). However, the binding data herein provides clear evidence 

that both KIR3DL1*005 and *004 in the presence of HLA-I ligands are associated with 

the control of viral replication, the latter observation being both consistent with that of 

Martin and intriguing given its very low surface expression. It is tempting to speculate 

that the impact of KIR3DL1*004 centers around education, possibly driven by 
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intracellular interactions of HLA-I alleles expressed in cis rather than the capacity of 

cells expressing KIR3DL1*004 to sense the downregulation of HLA-I molecules on HIV-

infected cells. Indeed the broad correlation between the strength of the KIR3DL1 

interaction with both education and control of HIV replication suggests that they maybe 

interlinked. 

 

Overall, the data here affirms that NK cells are educated through cognate HLA-I and 

inhibitory KIR interactions and suggests that neither cell surface expression levels nor 

the dimorphism at position 80 are robust surrogates of the strength of the KIR3DL1/HLA 

interaction or of education. Rather, the avidity of KIR3DL1/HLA-Bw4 pairing was the 

prime determinant of NK cell education and of the extent of HIV control. Thus these 

binding data may be a valuable tool used to analyse data from clinical cohorts and in 

the case of HIV-infected individuals, may be used to predict individuals who have 

elevated innate control of infection and whom might be more likely to be responsive in 

cure strategies aimed at eliminating the need for lifelong ART. 
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Chapter 4: The relationship between KIR3DL1 polymorphism, 

HLA-B*57:01 and the control of HIV 
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Disease progression in HIV-infected individuals is highly variable and has been 

associated with many genetic factors including the presence of certain HLA-I allotypes 

(417,418). Notably, multiple studies have found the HLA-I allele HLA-B*57 to be 

associated with lower viral loads, sustained CD4+ve T cell counts and slower 

progression to AIDS in untreated individuals (419-422). While the protective capacity of 

HLA-B*57 has been attributed to its ability to bind peptides derived from HIV proteins 

such as Gag, which can then stimulate robust immunodominant CD8+ve T cell 

responses, the mechanistic basis for these associations is not yet fully understood (423-

425). Furthermore, among HLA-B*57+ve individuals, there remains significant variation in 

the capacity to control HIV progression suggesting additional factors also contribute 

significantly to HIV control.  

 

Variable HIV control may be influenced by pathogen intrinsic factors, such as the poor 

fidelity of HIV reverse transcriptase (426) leading to the acquisition of mutations in 

antigenic epitopes that then escape CD8+ve T cell immunosurveillance (427). Natural 

polymorphisms within the nef protein, renowned for downregulating HLA-A and -B 

allotypes but not HLA-C, can also modulate the efficiency of HLA-I downregulation and 

subsequent immune detection (428,429). In addition to differences in the sequence of 

the virus, host-specific factors may also impact the extent of viral replication and/or 

progression to disease. In particular, HLA-B*57 is a ligand for the KIR3DL1 receptor 

expressed by NK cells and had been linked to HIV control (281,348,430,431). Notably, 

individuals who possess alleles such as KIR3DL1*001 and *015, which are expressed 
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at high levels on the cell surface of NK cells, in conjunction with a subset of HLA-B 

allotypes that encode isoleucine at position 80 (Bw480I) such as HLA-B*57 have been 

shown to have slower progression to AIDS-defining illness than individuals with 

KIR3DL1 alleles expressed at lower levels or who lack Bw480I alleles (281).  

 

Functional and molecular studies have shown that allotypic variation in KIR3DL1 

impacts its specificity both in terms of its capacity bind to distinct HLA-I allotypes and 

also to discriminate between different peptides bound to the HLA-I (256,274,275). 

However, since the majority of polymorphisms in KIR3DL1 are located distal to the 

ligand binding site, their effect on ligand binding appears to be largely indirect. Perhaps 

the best understood is a leucine/tryptophan dimorphism at residue 283 of KIR3DL1, a 

residue located in the hinge region between the D1 and D2 domains, which impacts the 

interdomain hinge angle. The presence of leucine at this position, as is found in 

KIR3DL1*005, enhanced recognition of HLA-I allotypes such as HLA-B*27:05 that 

encode a threonine at position 80 and conferred greater tolerance for variations in the 

sequence of the HLA-I bound peptide (256). Nevertheless, the precise relationship of 

these KIR3DL1 polymorphisms to clinical outcomes in most disease settings is 

unknown.  

 

Given the association of both HLA-B*57 and KIR3DL1 with the clinical outcomes in HIV-

infected individuals, this chapter aims to investigate if KIR3DL1 allotypes show 

differential recognition and sensitivity to the downregulation of HLA-B*57:01 and 
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whether such functional differences between KIR3DL1 allotypes correlates to HIV 

control.  
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To assess the extent to which allotypic variation in KIR3DL1 impacted ligand recognition, 

KIR3DL1+ve NK cells were isolated by cell sorting, expanded in the presence of IL-2 and 

the expressed KIR3DL1 allotypes then determined by sequencing cDNA generated 

from extracted RNA. NK cells were then incubated with untransfected 221 cells or 221 

cells expressing the Bw4 allotypes HLA-A*24:02, HLA-B*57:01 or a control Bw6 allotype, 

HLA-B*08:01. NK cell activation was assessed by determining the expression of 

CD107a on CD56+ve, CD3-ve and KIR3DL1+ve NK cells by flow cytometry (Figure 4.1A).  

 

As expected, coculture of NK cells with HLA-I deficient 221 cells stimulated the 

expression of CD107a compared to NK cells incubated in the absence of target cells 

(Figure 4.1B-D). In contrast, the patterns of activation differed markedly when cultured 

with 221 cells expressing HLA-A*24:02 or HLA-B*57:01. Activation of KIR3DL1*053+ve 

NK cells was inhibited by the presence of either HLA-A*24:02 or -B*57:01 (Figure 4.1B) 

whereas NK cells expressing KIR3DL1*007+ve and *002+ve were only weakly inhibited by 

HLA-A*24:02 but robustly inhibited by HLA-B*57:01 (Figure 4.1C and D). This inhibition 

was specifically mediated by the interaction between KIR3DL1 and HLA-Bw4 as 

inhibition was reversed in the presence of the anti-KIR3DL1 antibody, DX9. In contrast, 

the level of degranulation observed in the presence of HLA-B*08:01 (Bw6) was not 

affected by DX9, indicating that the slight inhibition observed was not mediated by 

KIR3DL1 and likely due to additional inhibitory receptors such as LILRB1. Nevertheless, 
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for KIR3DL1*007+ve and *002+ve NK cells, HLA-A*24:02 mediated inhibition to a similar 

extent as the Bw6 allotype HLA-B*08:01. Importantly, however, HLA-B*57:01 inhibited 

each of the KIR3DL1 allotypes efficiently, with no detectable differences in the degree of 

inhibition, consistent with previous reports that HLA-B*57:01 is a strong KIR3DL1 ligand 

(275,392).  

 

 

Figure 4.1 Differential recognition of HLA-Bw4 by KIR3DL1 allotypes. 

Primary NK cells from two donors were sorted for KIR3DL1 expression (with one donor 

divided into a high and low population) and expanded in the presence of IL-2 and 

feeders. Bulk NK cells were co-incubated for 5 hours with 221 cells or 221 cells 

transfected with HLA-A*24:02, -B*57:01 (Bw4+ve) or HLA-B*08:01 (non-ligand) in the 

presence of monensin and anti-CD107a antibody, with or without the KIR3DL1-blocking 
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antibody, DX9. NK cells were then stained for CD3, CD56 and KIR3DL1, and analysed 

by flow cytometry. (A) NK cells were gated as CD3-ve and CD56+ve, and the percentage 

of degranulating (CD107a-expressing) KIR3DL1+ve NK cells was assessed. The NK cell 

response to the parental 221 cells or 221 cells expressing specific HLA-I molecules was 

then examined for each NK cell culture from donors expressing (B) KIR3DL1*053, (C) 

*007 and (D) *002, normalising to the percentage of CD107a expression observed with 

221 targets. 

 

 

To further assess differences in the capacity of KIR3DL1 allotypes to interact with HLA-I, 

293T cells were transfected with plasmids encoding fusion proteins consisting of the 

extracellular and transmembrane regions of a range of KIR3DL1 allotypes coupled to 

the cytoplasmic region of CD3ζ (Figure 4.2).  
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Figure 4.2 Polymorphisms among select KIR3DL1 allotypes. 

KIR3DL1*015 represents the consensus amino acid sequence and the polymorphisms 

in the KIR3DL1 leader sequence (-20, -9), D0, D1, D2, transmembrane and cytoplasmic 

domains are noted. KIR3DL1 allotypes of the *005 and *015 lineages are highlighted in 

blue and red respectively, whereas the recombinant KIR3DL1*001 is in green.  The 

lineage-defining polymorphisms at -20, -9, 2, 47, 54, 182 and 283 are noted in red. The 

cytoplasmic tail of KIR3DL1 was replaced from residue 346 with a CD3ζ region, thus 

negating the polymorphism at position 373 in the KIR3DL1/ζ chimeric constructs. 

 

The expression of the KIR3DL1/CD3ζ constructs following transient transfection into 

293T cells was examined by flow cytometry assessing for both plasmid-encoded eGFP 

expression as well as the cell surface expression of KIR3DL1 (Figure 4.3A). 
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KIR3DL1*008, *015 and *020, which are allelically related, had the highest level of 

expression on transfected 293T cells, followed by KIR3DL1*002 and *007, and then 

KIR3DL1*005 and *009, which were each expressed at quite low levels (Figure 4.3B). 

As expected and consistent with published data, there was little cell surface expression 

of KIR3DL1*004 despite the expression of plasmid-encoded eGFP confirming 

successful transfection.  

 

Notably, the cell surface expression levels of the transfected KIR3DL1/CD3ζ constructs 

reflected the expression patterns observed on primary NK cells. For example, although 

KIR3DL1*005 had the highest GFP expression indicative of robust transfection 

efficiency, it nevertheless exhibited low surface expression whereas transfection of 

KIR3DL1*020 resulted in low levels of GFP expression but high KIR3DL1 surface 

expression (Figure 4.3B). Taken as a whole, the differences in surface expression were 

as expected, perhaps with the exception of KIR3DL1*007, which although reported to 

have a naturally low surface expression level due to a polymorphism at position 373, 

was expressed at a much higher level. This is possibly because the KIR3DL1/CD3ζ 

chimera only spanned residues -20 to 346 of KIR3LD1 (299,305,319), lacking residues 

that might result in intracellular retention or low expression.  
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Figure 4.3 Surface expression of transfected KIR3DL1/CD3ζ allotypes on 293T 

cells.  

pMIGII.KIR3DL1/CD3ζ constructs for KIR3DL1*001, *002, *004, *005, *007, *008, *009, 

*015, *017 and *020 were transiently transfected into 293T cells and stained for 

KIR3DL1 with the DX9 mAb. The cells were analysed by flow cytometry (A) assessing 

GFP expression and surface expression of KIR3DL1. (B) GFP+ve cells were then gated 

on and the MFI values for the plasmid-encoded GFP was compared with the MFI of 

surface KIR3DL1 staining. 
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The capacity of each KIR3DL1 allotype to interact with HLA-I was next assessed by 

staining transfected 293T cells with a HLA-B*57:01 tetramer with the LSSPVTKSF (LF9) 

peptide that is known to mediate engagement with KIR3DL1 (256). As a negative 

control, transfected cells were also stained with a HLA-B*08:01 tetramer refolded with 

the peptide FLRGRAYGL (FLR) from the EBNA-3A protein of EBV (256,274,432). The 

stained transfectants were analysed by flow cytometry gating on cells expressing eGFP 

and the percentage of cells to which the tetramer bound and the MFI of the tetramer 

staining then determined (Figure 4.4A). As expected, HLA-B*57:01/LF9 or -

B*08:01/FLR tetramers did not bind to untransfected 293T cells and binding to 

KIR3DL1-transfectants was only evident for the HLA-B*57:01/LF9 tetramer, with the 

control HLA-B*08:01/FLR tetramer showing no binding (Figure 4.4B and C). 

Importantly, there were differences in the binding of the HLA-B*57:01/LF9 tetramer 

across the KIR3DL1 allotypes. Consistent with its minimal level of cell surface 

expression, cells transfected with KIR3DL1*004 had the lowest proportion of tetramer 

positive cells (<1%). Similarly, cells expressing KIR3DL1*009 (~1%) and *005 (~5%) 

also had low proportions of GFP+ve cells that bound the HLA-B*57:01/LF9 tetramer 

(Figure 4.4Bi). A similar percentage of cells (~12.5%) were observed to bind the 

tetramer among the KIR3DL1*001, *002, *007, *008 and *015 transfectants, while a 

slightly higher percentage of cells (~20%) were stained by the HLA-B*57:01/LF9 

tetramer in the case of KIR3DL1*017 and *020. 
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Figure 4.4 Differential binding of HLA-B*57:01/LF9 by KIR3DL1 allotypes. 

KIR3DL1/CD3ζ constructs were transfected into 293T cells and stained with HLA-

B*57:01/LF9 or HLA-B*08:01/FLR tetramers. Cells were examined by flow cytometry 
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(A), gating on GFP+ve transfected cells, and the percentage of HLA-B*57:01/LF9 (B) 

and HLA-B*08:01/FLR (C) tetramer positive cells (i) or tetramer MFI (ii) was calculated. 

(D) The MFI of HLA-B*57:01/LF9 tetramer staining was normalized to the MFI of 

KIR3DL1 surface staining on GFP+ve transfected 293T cells. Data was graphed using 

GraphPad Prism software. Error bars represent the SEM, n=3.  

 

While there were distinct differences in the capacity of 293T cells transfected with 

different KIR3DL1 alleles to bind the HLA-B*57:01/LF9 tetramer, these could reflect 

differences both in cell surface expression levels of each KIR3DL1 allotype as well their 

capacity to interact with HLA-B*57:01/LF9. Consequently HLA-B*57:01/LF9 tetramer 

binding was normalising with the level of cell surface expression of each KIR3DL1 

allotype as assessed by staining with DX9 (Figure 4.4D). This analysis showed that 

KIR3DL1*005 had a higher normalised binding to HLA-B*57:01/LF9 compared to the 

other allotypes. Additionally, KIR3DL1*009, which bound poorly when only considering 

the MFI of HLA-B*57:01/LF9 tetramer staining, now showed comparable binding to the 

other allotypes, thus suggesting that the lower level of absolute binding largely reflected 

its reduced expression at the cell surface.  

 

Indeed, correlating the cell surface expression of each KIR3DL1 allotype with the MFI of 

HLA-B*57:01/LF9 tetramer binding showed a more or less linear relationship with the 

exception of KIR3DL1*005, which fell outside of the 95% confidence interval, showing 

significantly higher binding to the HLA-B*57:01/LF9 tetramer relative to its surface 

expression (Figure 4.5A). As expected, there was no relationship between KIR3DL1 
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expression and binding of the control HLA-B*08:01/FLR tetramers. Taken together the 

data therefore shows that although the KIR3DL1*005 allotype was expressed at a low 

level on the cell surface, the polymorphisms unique to this allotype enable it to better 

bind HLA-B*57:01/LF9 compared to the other KIR3DL1 allotypes. 

 

 

Figure 4.5 KIR3DL1*005 binds HLA-B*57:01/LF9 with higher avidity compared to 

other KIR3DL1 allotypes. 

KIR3DL1/CD3ζ plasmids were transfected into 293T cells and the cells stained with 

anti-KIR3DL1 antibodies or HLA-B*57:01/LF9 and HLA-B*08:01/FLR tetramers, and 

then analysed by flow cytometry, gating on GFP+ve cells. The MFI of HLA-B*57:01/LF9 

(A) or HLA-B*08:01/FLR (B) tetramer binding was plotted against the MFI of KIR3DL1 

surface staining. Data was graphed, and statistics calculated using GraphPad Prism 

software, using linear regression and an unpaired, non-parametric, Spearman’s 

correlation test P<0.0001 (****). Dotted line shows the 95% confidence intervals. 
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While the analysis of HLA-B*57:01/LF9 tetramer binding to KIR3DL1/CD3ζ-expressing 

cells showed subtle differences in binding to individual KIR3DL1 allotypes, in particular 

KIR3DL1*005, LF9 represents only one of thousands of potential peptides that can be 

presented by HLA-B*57:01. Therefore, to better understand whether the extent to which 

this binding hierarchy was independent of peptide sequence, the ability of the ten 

KIR3DL1 allotypes to bind a range of HLA-B*57:01 tetramers each loaded with different 

peptides (Table 4.1) was assessed. These endogenous peptides were used rather than 

pathogen-derived peptides as they are the dominant species presented by HLA-B*57:01. 

This peptide panel consisted of LF9, which is known to mediate high affinity interactions 

with KIR3DL1*001, along with an LF9 peptide carrying an S8E mutation (LF9(E8)) that 

abrogated binding to KIR3DL1*001 in surface plasmon resonance (SPR) analyses 

(256,274). Another available LF9 peptide mutant, F9W (LF9(W9)), was used to allow 

the effect of the C-terminal (CΩ) residue of the peptide to be considered. Additional 

peptides (KF9, LY9, AW10, RW11 and LW10) were selected from peptide elution 

experiments from HLA-B*57:01 expressing cell lines to provide a spectrum of different 

amino acid features, particularly at residues seven and eight. The selected peptides 

were then refolded with HLA-B*57:01 which in turn were converted into tetramers 

through the addition of phycoerythrin-labelled streptavidin. The HLA-B*57:01/peptide 

tetramers were then used to stain KIR3DL1-transfected 293T cells, and the degree of 

tetramer binding (MFI) normalised to the surface expression of the KIR3DL1 allotype.  
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Table 4.1 HLA-B*57:01 peptides 

Peptide Name Amino acid 
sequence 

Peptide source/ protein 

LF9 LSSPVTKSF Human/ 
Immunoglobulin kappa constant 

LF9 (E8) LSSPVTKEF Human (modified) 
LF9 (W9) LSSPVTKSW Human (modified) 
KF9 KSFDFHFGF Human/ 

Protein unc-119 homolog A 
LY9 LTVQVARVY Human/ 

UPF0769 protein C21orf59 
AW10 ASLNLPAVSW Human/ 

Catenin alpha-1 
LW10 LALSPVPSHW Human/  

B-cell antigen receptor complex-associated 
protein beta chain 
 

RW11 RVLPPSHRVTW Human/ 
Proto-oncogene vav 

*LF9 and LF9(E8) peptides have been previously reported in Vivian et al. (256), while other 
sequence were Identified through peptide elutions from HLA-B*57:01 expressing C1R cells (Dr. 
Patricia Illing, data in press) 

 

As demonstrated previously (Figure 4.4D), HLA-B*57:01/LF9 bound each of the various 

KIR3DL1 allotypes similarly (with respect to surface expression), along with stronger 

binding to KIR3DL1*005 observed (Figure 4.6). This was in contrast to HLA-

B*57:01/LF9(E8), which as expected showed poor binding to KIR3DL1*001 and also to 

KIR3DL1*002, *007, *008, *015, *017 and *020. Interestingly, KIR3DL1*005, *009 and 

*001 bound HLA-B*57:01/LF9(E8) slightly better than the other KIR3DL1 allotypes. This 

better binding of KIR3DL1*001, *005 and *009 was also observed across the various 

tested peptides, which might suggest a higher degree of tolerance compared to other 

KIR3DL1 allotypes.  

 



166 
 

 

Figure 4.6 KIR3DL1*001, *005 and *009 are less sensitive to peptide variation in 

HLA-B*57:01. 

Recombinant HLA-B*57:01 was refolded with LF9, LF9(W9), LF9(E8), LY9, KF9, AW10, 

LW10 and RW11. Refolded HLA-B*57:01/peptide was then tetramerized and used to 

stain 293T cells transfected with the KIR3DL1/CD3ζ allotypes *001, *002, *005, *007, 

*008, *009, *015, *017 and *020. Cells were analyzed using flow cytometry, gating on 

GFP+ve cells. HLA-B*57:01/peptide binding was normalized to the MFI of KIR3DL1 

staining. Data was graphed and statistics calculated using GraphPad Prism software, 

using a one-way ANOVA test. Error bars represent the SEM, n=3. 

 

There was no significant difference in the patterns of staining between the HLA-

B*57:01/LF9(W9) and HLA-B*57:01/LF9 tetramers suggesting that each KIR3DL1 

allotype can tolerate a bulky hydrophobic residue (phenylalanine or tryptophan) at this 

position. For KIR3DL1*001, *002, *007, *008, *015, *017 and *020, binding to HLA-

B*57:01 with the peptides AW10, LW10 and RW11 was poor, with the binding of LW10 
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and RW11 being similar to that of HLA-B*57:01/LF9(E8). This observed hierarchy 

suggests that ligand binding by these KIR3DL1 allotypes may also be impacted by 

peptide length, where peptides longer than nine residues displayed poorer binding, with 

the lowest being the elevenmer RW11. KIR3DL1 allotype recognition of HLA-B*57:01 is 

therefore sensitive to the peptide present, including to its sequence and length. 

However, the allotypes KIR3DL1*001, *005 and *009 displayed higher binding overall to 

each of the HLA-B*57:01 tetramers compared with the other KIR3DL1 allotypes. 

 

 

Since there were allotypic differences in the capacity of KIR3DL1 to bind to HLA-

B*57:01 tetramers complexed with selected peptides, KIR3DL1 recognition of cell 

surface HLA-B*57:01 in a cellular system where it is associated with a complex peptide 

repertoire was then assessed. To this end, the plasmids encoding these same 

KIR3DL1/CD3ζ constructs were transfected into the T cell line Jurkat along with 

plasmids encoding an NFAT-dependent luciferase and another that directed constitutive 

expression of Renilla luciferase to serve as a control for the efficiency of transfection 

(Figure 4.7). Thus, in this system, the engagement of an HLA-Bw4 ligand by the 

chimeric KIR3DL1/CD3ζ protein results in ITAM phosphorylation of CD3ζ, leading to the 

translocation of NFAT and ultimately the production of luciferase by transfected cells 

(Figure 4.7C).  
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Figure 4.7 Reporter cell schematic. 

(A) In an NK cell, engagement of the activating receptor with its ligand on a target 

activates the NK cell by a signalling cascade, but when the inhibitory KIR3DL1 engages 

with its ligand activation is blocked and the NK cell inhibited. (B) In Jurkat cells, which 

are a T cell line, engagement of a specific MHC class I by the T Cell Receptor (TCR) 

initiates an activating signalling cascade via the CD3ζ subunit of the TCR complex and 

leads to the expression of transcription factors such as NFAT, NFκB and AP-1. (C) 

Expression of a transfected KIR3DL1/CD3ζ chimera on the Jurkat cell, where the 

KIR3DL1 intracellular tail is swapped for CD3ζ, leads to activation and NFAT production 

upon HLA-Bw4 ligand engagement. Co-transfection of the NFAT-luciferase plasmid 

results in luciferase enzyme production in the presence of the transcription factor NFAT, 

which then produces quantifiable light in the presence of the luciferase substrate. 
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The transfection efficiency as assessed by flow cytometric analyses was typically ~10% 

for each of the KIR3DL1/CD3ζ allotypes (Figure 4.8). Furthermore, when the surface 

expression of the various KIR3DL1 allotypes on GFP+ve cells was analysed, the 

resultant profiles were similar to that seen following transfection of 293T cells (Figure 

4.3), where KIR3DL1*004 was not expressed on the cell surface (300,319,433), and 

both KIR3DL1*005 and *009 showed lower surface expression than the other allotypes 

(311,319,434).  

 

 

Figure 4.8 Surface expression of chimeric KIR3DL1/CD3ζ constructs on Jurkat 

cells. 
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KIR3DL1/CD3ζ constructs for the allotypes *001, *015, *005, *002, *004, *007, *008, 

*009, *017 and *020 were transfected into Jurkat cells using electroporation and were 

then stained with anti-KIR3DL1 antibody 24 hours later and analysed for GFP and 

KIR3DL1 expression by flow cytometry: (A) Untransfected Jurkat parental cells, (B) 

Transfected Jurkat cells expressing KIR3DL1 allotypes mutated from KIR3DL1*005, (C) 

*015 or (D) *001. 

 

After validating the transfection and expression of the KIR3DL1/CD3ζ allotypes on the 

Jurkat cell line, the functional potential of the various KIR3DL1/CD3ζ chimeras was then 

tested. Following transfection of Jurkat cells with the various pMIGII.KIR3DL1/CD3ζ 

allotype constructs together with pGL3-NFAT-luciferase and pTK-Renilla, the cells were 

then incubated with 221 targets alone or 221 cells expressing HLA-B*57:01 or HLA-

B*08:01 for 5 hours and the luminescence resulting from the NFAT-driven luciferase 

production quantified. Luminescence from the parental Jurkat cells was subtracted from 

that obtained with the KIR3DL1/CD3ζ transfected cells as background. These NFAT-

driven luminescence values were then normalised to the luminescence from the 

constitutively expressed Renilla plasmid and compared between the various KIR3DL1 

allotypes. 

 

In the absence of a HLA-Bw4 ligand, when incubated with parental 221 cells (Figure 

4.9) or HLA-B*08:01 expressing 221 cells (Figure 4.9), the KIR3DL1-transfected Jurkat 

cells showed no recognition or activation, with low levels (<2) of relative luminescence 
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signal observed. In the presence of 221 cells expressing HLA-B*57:01, at a 1:1 effector 

to target ratio, KIR3DL1/CD3ζ transfected cells were efficiently activated (Figure 4.9). 

Most notably, the response of cells expressing KIR3DL1*005/CD3ζ was almost twice 

that of cells expressing the other nine KIR3DL1 allotypes. Although the differences 

between the other KIR3DL1 allotypes were small, they could loosely be separated into 

two groups, where KIR3DL1*008, *009, *017 and *020 all showed slightly higher 

responses (~10 relative luminescence) compared with KIR3DL1*001, *002, *007 and 

*015 (~6 relative luminescence). Interestingly cells transfected with KIR3DL1*004 that is 

expressed at very low levels on the cell surface still showed a degree of activation in the 

presence of HLA-B*57:01 relative to that observed following co-culture with either 221 

cells or 221-HLA-B*08:01.  

 

 

Figure 4.9 KIR3DL1 allotypes differentially recognize HLA-B*57:01. 

Jurkat cell were transfected with KIR3DL1/CD3ζ constructs, pGL3-NFAT-luciferase and 

pTK-Renilla plasmids and then co-incubated for 5 hours with 221 cells or 221 cells 

expressing HLA-B*08:01 at an effector:target ratio of 1:1, or with 221 cells expressing 

HLA-B*57:01 with a fixed number of Jurkat cells, at effector:target ratios of 1:1, 10:3 and 
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10:1. Luciferase activity was then quantified using the Promega Dual-Glo® Luciferase 

Assay System. The luminescence value from the parental Jurkats was subtracted as 

background, before the NFAT-driven value was normalized to the Renilla luminescence. 

Error bars represents SEM, n=3. 

 

The sensitivity of the various KIR3DL1 allotypes to the amount of HLA-B*57:01 ligand 

present was assessed by incubating different ratios of a fixed number of transfected 

Jurkat cells to target HLA-B*57:01 expressing 221 cells (1:1, 10:3 and 10:1) (Figure 

4.9). Overall, activation of KIR3DL1/CD3ζ expressing transfectants decreased with 

reduced numbers of 221-HLA-B*57:01 targets. However, subtle variations still existed 

with some allotypes, like KIR3DL1*001 and *004, showing similar recognition at 1:1 and 

10:3, and only losing this recognition at the 10:1 effector:target cell ratio. At the 

effector:target cell ratio of 10:1, KIR3DL1*001, *009 and *015 showed similar 

recognition of the HLA-B*57:01-expressing targets as KIR3DL1*004, which was the 

lowest amongst the tested KIR3DL1 allotypes.  

 

To ascertain whether the binding of the KIR3DL1 allotypes in the reporter assay was 

influenced by the KIR3DL1 surface expression, the relative luminescence of HLA-

B*57:01 recognition (at a 1:1 ratio) was compared with the respective surface 

expressions of the KIR3DL1 allotypes (Figure 4.10). Despite different surface 

expression levels, the KIR3DL1 allotypes *001, *002, *004, *007, *008, *009, *015, *017 

and *020 all had similar responses to cells expressing HLA-B*57:01. Similarly, cells 

expressing KIR3DL1*009 and KIR3DL1*005 while exhibiting low surface expression 
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relative to KIR3DL1*001, nevertheless had similar or in the case of KIR3DL1*005, even 

better responses following co-culture with 221 cells expressing HLA-B*57:01. Taken 

together there was no significant relationship between the level of cell surface 

expression and the response to ligand-bearing target cells. 

 

 

Figure 4.10 KIR3DL1*005 shows a higher degree of HLA-B*57:01 recognition 

relative to its surface expression. 

Jurkat cells were transfected with KIR3DL1/CD3ζ constructs, pGL3-NFAT-luciferase 

and pTK-Renilla plasmids and then co-incubated for 5 hours with 221 cells expressing 

HLA-B*57:01 at a 1:1 effector:target ratio. Luciferase activity was then quantified using 

the Promega Dual-Glo® Luciferase Assay System. The luminescence value of the 

parental Jurkats was subtracted before normalizing the NFAT-derived luminescence 

value to Renilla luminescence. The relative luminescence signal was then compared 

against the surface expression of the respective KIR3DL1 allotypes. Data was graphed, 
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and statistics calculated using GraphPad Prism software, using linear regression and an 

unpaired, non-parametric, Spearman’s correlation test (not significant). Dotted line 

shows the 95% confidence intervals.  

 

Both HLA-B*57 and KIR3DL1 have been linked to clinical variation in outcomes in HIV-

infected individuals. To better define genetic correlates of disease control in individuals 

with HLA-B*57, whole genome sequencing (WGS) was performed on a cohort of HLA-

B*57+ve HIV-infected individuals as part of the Multicenter AIDS Cohort Study (MACS) 

from Johns Hopkins University. Comparing those who controlled viral replication 

(Controllers - VL<2,000 copies/ml) with those who did not (Non-controllers - VL>10,000 

copies/ml), only a single variant within the entire data set was statistically significant 

(rs643347A/G) which corresponded to residue 47 of KIR3DL1, with the presence of a 

valine at this position being protective. A larger replication cohort of HIV-infected 

B*57+ve individuals was typed specifically for this polymorphism and again this was 

shown to correlate with the viral load. Comparison of individuals either homozygous or 

heterozygous for the KIR3DL1 I47V polymorphism showed KIR3DL1I47 homozygous 

individuals to be present in a high proportion of non-controllers, whilst the valine variant 

was enriched in controllers (p=0.04), with the effect being most prominent (p=0.0004) in 

those homozygous for KIR3DL1V47 (Figure 4.11A).  
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Figure 4.11 KIR3DL1 polymorphism at position 47 influences HIV viral load 

control. 

(A) HLA-B*57:01+ve individuals possessing two KIR3DL1 genes from a HIV Study 

Cohort were divided into Controllers (viral load <2,000 copies/ml; open histograms; 

n=188) and Non-controllers (viral load >10,000; filled histograms; n=136) and the 

frequency of KIR3DL1 genotypes homozygous for 47I (II), heterozygous for 47I/V (IV) or 

homozygous for 47V (VV) was assessed. Statistical analysis was done using logistic 

regression. (B) The effect of KIR3DL1*015, *005, *004, *002 and *001 on HIV viral load 
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in HLA-B*57:01+ve individuals, adjusting for HLA-A, -B and -C alleles and time post 

enrolment using a mixed linear effects model. The KIR3DL1 allotypes were then 

compared between those with 47I (red line) and 47V (blue line). The size of the dot 

represents the relative number of individuals and bars show the 95% confidence interval. 

Adapted from Martin et al. (348). 

 

To further ascertain whether KIR3DL1 allotypes with Val47 or Ile47 have differential 

protective effects on HIV control, the viral load (VL) of HIV-infected individuals with 

HLA-B*57:01+ve was stratified based on the presence of common KIR3DL1 alleles 

(Figure 4.11B). Again, individuals with 47V alleles (KIR3DL1*002, *015) had lower viral 

loads than those with KIR3DL1*005, *004, and *001 which all possess an isoleucine at 

position 47. Moreover, there was also variation in the degree of HIV protection, with 

KIR3DL1*015 and *001 being the most and least protective respectively. 

 

A characteristic feature of HIV infection is the downregulation of HLA-A and-B allotypes 

following the expression of nef (435,436). This implies that the expression of HLA-I on 

the surface of HIV-infected cells may vary in a temporal manner with more recently 

infected cells expressing higher levels of HLA-I than those that have been infected 

significantly earlier. The difference in viral loads among individuals with KIR3DL1V47 

allotypes compared to KIR3DL1I47 allotypes was striking given the subtle differences in 

binding and recognition, at least as assessed by binding and reporter assays (Figures 
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4.4, 4.6 and 4.9). Indeed, in the tetramer binding assay using various peptides, there 

was a consistent trend for KIR3DL1*001 to interact slightly better with HLA-B*57:01 

than KIR3DL1*015, albeit one that was not statistically significant. Thus, it was 

hypothesised that these subtly stronger interactions between KIR3DL1 and HLA-B*57 

might impact on the capacity of NK cells to sense HIV-infection. More specifically, cells 

that express KIR3DL1 allotypes that interact more weakly with HLA-B*57:01 may be 

able to sense reduced levels of HLA-I more readily, whereas more substantial 

downregulation might be required to activate NK cells expressing higher avidity binding 

KIR3DL1 allotypes. 

 

To model downregulation of HLA-B*57:01, the ICP47 protein from herpes simplex virus 

that blocks the TAP1/2 complex responsible for delivering peptides from the cytosol into 

the ER was expressed in 221- HLA-B*57:01 cells. These cells expressed lower levels of 

cell surface HLA-B*57:01 than the 221-B*57:01 cells they were derived from, indicative 

of impaired peptide delivery and HLA-I egress to the surface (Figure 4.12A).  
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Figure 4.12 KIR3DL1V47 allotypes are more sensitive to HLA-B*57:01 expression 

levels. 

(A) 221 cells transfected with HLA-B*57:01 (red) or HLA-B*57:01 and ICP47 (orange) 

were stained with W6/32 supernatant followed by anti-mouse IgG-FITC and analyzed by 

flow cytometry. (B) Purified NK cells were incubated with 221 cells, or 221 cells 

expressing HLA-B*57:01 with or without ICP47 in the presence of anti-CD107a 

antibodies and monensin for five hours. Cells were subsequently stained for CD56, CD3, 

LILRB1, NKG2A, KIR2DL1, KIR2DL2/L3, KIR3DL1 and KIR3DL2 following by fixing and 

permeabilization, before staining for IFNγ. Cells were analysed using flow cytometry, 
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gating on NK cells (CD56+ve, CD3-ve) that were negative for NKG2A, LILRB1, KIR2DL1 

and KIR2DL2/L3, and the percentage of IFNγ+ve and CD107a+ve KIR3DL1+ve NK cells 

was calculated. (C) The activation of NK cells by specific KIR3DL1 allotypes was 

normalised to the maximal response seen with 221 cells, assessing CD107a/IFNγ 

expression. Black bars represent those homozygous High 1 (47I) donors (n=3) and dark 

grey bars High 2 (47V) (n=3). Data was graphed and statistics calculated using 

GraphPad Prism software, using a two-way ANOVA test: activation of KIR3DL147I+ve NK 

cells verses KIR3DL147V+ve NK cells verses p<0.0001(****). Error bars represent the 

SEM. 

 

The capacity of primary NK cells from KIR3DL1+ve donors with either Val47 or Ile47 

genotypes to respond to either 221, 221-B*57:01 or 221-B*57:01/ICP47 was then 

assessed. All KIR3DL1+ve NK cells were efficiently activated by co-culture with 221 cells 

and produced little CD107a and IFNγ when incubated alone (Figure 4.12B). As 

expected, the expression of HLA-B*57:01 potently inhibited the activation of KIR3DL1+ve 

NK cells, regardless of the nature of the residue at position 47. However, following co-

culture with 221-HLA-B*57:01/ICP47 cells, KIR3DL1V47+ve NK cells were markedly more 

activated than cells from KIR3DL1I47 donors (Figure 4.12B,C). Thus, the data suggest 

that NK cells expressing KIR3DL1V47 allotypes might therefore be more sensitive to 

subtle changes in cell surface expression of HLA-B*57:01 compared to the KIR3DL1I47 

allotypes, an observation which may have relevance for the capacity to sense virus-

infected cells.  
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KIR3DL1 is highly polymorphic with more than 130 alleles identified to date (416). 

These polymorphisms can impact the frequency of KIR3DL1 expression (322), receptor 

specificity (252,284,288) and the level of cell surface expression (299). Here it has been 

shown that polymorphisms which subtly impact the avidity of KIR3DL1 allotypes for 

HLA-B*57:01 can amplify their capacity to detect changes in the levels of surface 

expressed HLA-B*57:01. 

 

The analyses of cells expressing KIR3DL1/CD3ζ fusion proteins showed that the 

chimeric constructs had expression patterns that largely recapitulated that of KIR3DL1 

on primary NK cells. Specifically, allotypes such as KIR3DL1*005 and *009 had low 

surface expression levels of compared to KIR3DL1*001 while cell surface expression of 

KIR3DL1*004 was essentially undetectable. Given that these fusion proteins all shared 

a common transmembrane region and cytoplasmic tail (derived from CD3ζ) and were 

each expressed under the same heterologous promoter, the differences in cell surface 

expression levels were likely a product of polymorphisms that map to the ectodomain of 

KIR3DL1. In the case of KIR3DL1*004, its poor cell surface expression has been linked 

to residues 86 and 182 that drive intracellular retention (300,433). Interestingly, 

KIR3DL1*004 encodes a serine at residue 182, which is also shared with KIR3DL1*005 

and which in turn is also expressed at low levels relative to most other KIR3DL1 

allotypes. KIR3DL1*009 has also been shown to be expressed at low levels with glycine 

58 being implicated in its poor expression (319). These polymorphisms likely impact 

protein stability since culturing of cells expressing either KIR3DL1*004 or KIR3DL1*009 
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at lower temperatures results in elevated expression compared to that observed at 37oC 

(319,433).  

 

The pattern of binding of HLA-B*57:01 tetramers to 293T cells expressing different 

KIR3DL1 allotypes broadly reflected their levels of cell surface expression with minimal 

staining on cells transfected with KIR3DL1*004 and low level staining on cells 

expressing KIR3DL1*009. When the tetramer binding data were normalised to the level 

of KIR3DL1 expression, binding of the HLA-B*57:01/LF9 tetramer was seen to be 

similar across the panel KIR3DL1 allotypes with the exception of KIR3DL1*005 that 

showed elevated binding relative to the other allotypes assessed. This was also in 

agreement with binding data using SPR where it was shown that while the affinity of 

both KIR3DL1*001 and *015 for HLA-B*57:01 was similar, they were both slightly 

weaker compared to KIR3DL1*005 (437).  

 

The capacity of different KIR3DL1 allotypes to recognise native HLA-B*57:01 expressed 

on the surface of cells was also assessed using a series of reporter cell assays. Again, 

similar to observations using HLA-B*57:01 tetramers, recognition of cells expressing 

HLA-B*57:01 was strongest for reporter cells expressing KIR3DL1*005. On a broader 

level, the data showed that ligand recognition was not strictly dependent on the level of 

KIR3DL1 surface expression since the readout was normalised for transfection 

efficiencies rather than the cell surface expression levels of the respective KIR3DL1 

allotypes. Interestingly, although KIR3DL1*004 was not detected at the cell surface by 
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flow cytometry, there was clear evidence of recognition of HLA-B*57:01 in the reporter 

assay, suggesting that even very low levels of receptor on the cell surface may be 

capable of ligand recognition. Consistent with this, Taner and colleagues have 

demonstrated that in both primary NK cells and transfected NK cell line (NLK), there is a 

low level of cell surface expression of KIR3DL1*004 and that this has the capacity for 

signalling upon ligand recognition (433). Indeed, this is also consistent with the in vivo 

data from Martin et al. (281) and also with the data in chapter 3 where the presence of 

KIR3DL1*004 and its ligands are associated with elevated HIV control. 

 

While peptide had been shown to impact recognition of HLA-I (237,438), KIR3DL1 

binding to HLA-B*57:01/LF9 was consistently found to be the strongest interaction 

compared to other HLA-Bw4/peptide complexes assessed both by SPR (348) and in 

various studies using tetramer binding assays ((251,274) and J. Vivian unpublished 

data). This superior binding of HLA-B*57:01/LF9 across various KIR3DL1 allotypes 

tested might therefore mask KIR3DL1 allotype specific differences in binding 

(251,274,275,277). To address this, a panel of HLA-B*57:01 tetramers bound to a 

series of LF9 substitutions, one of which has been shown to decrease affinity for 

KIR3DL1*001, along with other self-peptides with different amino acids at positions 

seven and eight was generated and their capacity to bind KIR3DL1 expressed on 293T 

cells was assessed. This again showed KIR3DL1*005 to bind better to HLA-B*57:01 

than other KIR3DL1 allotypes, suggesting it had the capacity to accommodate a wider 

range of peptides, most likely the result of the leucine residue at 283 (274). Interestingly, 

although lower than KIR3DL1*005, KIR3DL1*001 and *009 also exhibited a higher 



183 
 

degree of binding to the various peptides presented by HLA-B*57:01 compared to the 

other tested KIR3DL1 allotypes (KIR3DL1*002, *007, *008, *015, *017 and *020). These 

differences in binding presumably reflect the impact of polymorphisms found in 

KIR3DL1*001 (positions Ile47 and Ile54) and KIR3DL1*009 (positions Gly58 and Met92). 

  

Similar to the tetramer binding experiments, reporter cell assays also showed the 

interaction between HLA-B*57:01 to be stronger with KIR3DL1*005 than other KIR3DL1 

allotypes. KIR3DL1*005 is distinct from the other allotypes tested having a serine at 

position 182 and a leucine at position 283. Indeed while residue 283 is not located 

within the ligand binding site of KIR3DL1, it has been inferred to impact on the 

interdomain angle between the D1 and D2 domains and thus may indirectly influence 

ligand binding (203,235,252,275). Specifically, the altered juxta-positioning of the D1 

and D2 domains has been associated with increased flexibility in the ligand binding 

loops of KIR3DL1*005 that may allow it to more readily accommodate diverse peptide 

repertoires or micro-polymorphisms within HLA-Bw4 proteins (275). 

 

Attempts to define genetic correlates of the elevated levels of viral control observed in a 

cohort of HLA-B*57+ve HIV-infected individuals found that the presence of KIR3DL1 

allotypes such as KIR3DL1*015 and *002 that possessed a valine at residue 47 were 

associated with decreased viral loads relative to allotypes such as KIR3DL1*005 and 

*001 that had an isoleucine at this position. The data herein has established that 

KIR3DL1*005 interacts more strongly with HLA-B*57 than other allotypes and while not 
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evident in the reporter cell assays that may have limited resolution, tetramer analyses 

also tended to suggest that KIR3DL1*001 typically had slightly stronger binding to HLA-

B*57:01 than either KIR3DL1*002 or *015, particularly with peptides that engendered 

weak overall binding to KIR3DL1. These subtle differences in binding may in part be 

dependent on receptor multimerization since SPR measurements of the affinity of 

KIR3DL1*001 and *015 for a number of HLA-B*57:01/peptide complexes were shown to 

be similar (348), yet detailed analyses of HLA-B*57:01 tetramer binding also showed 

stronger interaction with KIR3DL1*001 than *015. Nevertheless, the elevated viral 

control that was associated with the weaker KIR3DL1*015 and *002 is inconsistent with 

the broad hypothesis suggested by Martin et al. (348) (and supported experimentally in 

chapter 3) that in the absence of ART, increasing strength of KIR3DL1/HLA-I 

interactions is associated with decreased longitudinal viral loads in HIV-infected 

individuals.  

 

Given that HLA-B*57:01 is among the strongest HLA-I ligands for KIR3DL1 regardless 

of allotype, it is possible that subtle changes in NK cell education may not impact viral 

control substantially. Rather, differences in the strength of the interaction between HLA-

B*57:01 and different KIR3DL1 allotypes may impact the capacity of NK cells to sense 

and respond to HIV-infected cells which have reduced levels of HLA-A/B on their cell 

surface. Consistent with this hypothesis, the data here showed that NK cells expressing 

KIR3DL1 allotypes that possessed isoleucine at position 47 remained largely inhibited 

by cells that expressed low levels of HLA-B*57:01, whereas those that expressed 

KIR3DL1V47 allotypes exhibited robust responses to the same targets. Thus, while the 



185 
 

dominant paradigm is that stronger education favours the production of potent effector 

NK cells, which result in superior control of viral infections, the data herein point to 

additional levels of complexity where interactions of very high affinity can result in a 

reduced capacity to sense the downregulation of HLA-I molecules.  

 

These hypotheses require further testing, in particular to examine if there are any 

differences in the education potential between strong and weak KIR3DL1 allotypes such 

as by 47I/V in HLA-B*57:01+ve donors. Moreover, to investigate the poorer HIV control 

by stronger KIR3DL1 allotypes in HLA-B*57:01+ve individuals, the capacity of NK cells 

expressing KIR3DL147I/V allotypes to eliminate HIV-infected CD4+ve T cells from HLA-

B*57:01+ve donors would need to be assessed. Overall, these data suggest that the 

education potential of the cognate KIR-ligand pair may work as an independent 

mechanism from the strength of inhibition. Although strong KIR-ligand pairs can result in 

a high degree of NK cell education, only particular KIR allotypes may be sensitive to the 

change in peptide repertoire and downregulation of HLA-I ligands. This may therefore 

result in variable significance in disease outcomes depending on the clinical scenarios 

and therefore may require assessment in different disease models.  
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Chapter 5: The influence of HLA-Bw4 membrane dynamics 

on KIR3DL1 recognition. 



187 
 

The recognition of HLA-I by both T cells and NK cells not only involves receptor-ligand 

pairing, but also requires their recruitment into an immune synapse. Previous studies 

(275,350), along with work presented here have established that the strength of KIR-

HLA interactions vary with allotype, impacting NK cell function and education. Given 

that the residues directly recognised on HLA-I by KIR are often identical, peptide 

repertoires and/or regions remote from KIR binding must also influence this interaction. 

One currently unexplored possibility is that polymorphic residues on HLA-I may affect 

their clustering or immune synapse incorporation, potentially implicating HLA-I 

membrane dynamics in the efficacy of lymphocyte signalling (80,439). 

 

Membrane mobility and cluster size have been shown to impact immune recognition of 

HLA-I proteins (440,441). For example, cholesterol depletion of target cells resulted in 

MHC-I clusters of increased size and of decreased surface membrane mobility, which 

corresponded to increased recognition by cytolytic T cells (441). Similarly mutant MHC-I 

proteins lacking a cytoplasmic tail were shown to have both an altered distribution on 

the cell surface and an impaired capacity to activate T cells (440). Additionally in the 

case of NK cells, a chimeric MHC-I molecule that possessed the α3, transmembrane 

and cytoplasmic domains of HLA-G, a non-classical MHC-I protein, had an attenuated 

capacity to inhibit the activation of NK cells expressing KIR2DL1 (442). Notably, 

substitution of cysteine at position 309 for tryptophan in the transmembrane region was 

associated with reduced inhibitory signalling (442). Taken together these data suggest 
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that the membrane behaviour of MHC-I proteins including localisation and mobility have 

the potential to impact their recognition by the immune system and in particular by 

cytolytic T cells and NK cells. 

 

MHC-I proteins are typically found in protein-dense regions of the membrane in 

nanoclusters 200-900 nm in diameter, which originate from the Golgi (440,443,444) and 

diffuse laterally through the cell membrane (440,443). Nevertheless there has been 

significant variation with regards to their membrane mobility reported to date (445-450). 

For example, Bierer and colleagues using JY cells and a Fluorescence Recovery After 

Photobleaching (FRAP) approach showed membrane diffusion rates of around 10-10 

cm2/s (445), whereas Smith and colleagues using HeLa cells and single-particle 

tracking observed membrane diffusion rates closer to 10-11 cm2/s (446). However, as 

these studies examined different cell lines with reagents unable to distinguish between 

specific HLA-I allotypes, their data may only represent the average behaviour of the 

various HLA-I allotypes expressed, rather than that of a given allotype. 

 

Both the level of expression and the length of the cytoplasmic tail have been proposed 

to impact the membrane behaviour of MHC-I proteins. High expression levels have 

been associated with large clusters that exhibit relatively slow membrane mobility 

(444,451). The length of the cytoplasmic tail has also been reported to restrict 

membrane mobility through interactions with the cytoskeletal actin meshwork (452-454). 
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Other studies, however, have showed some MHC-I molecules with truncated 

cytoplasmic tails to have membrane dynamics similar to their full-length counterparts 

(455,456). However, the extent to which these observations reflect or were impacted by 

the specific MHC class-I allotypes present, their level of expression or even the cell 

types in which they were expressed remains unclear.  

 

In order to assess whether HLA-I mobility can impact NK cell recognition, the mobility of 

the two KIR3DL1 ligands, HLA-A*24:02 and HLA-B*57:01 that share identical Bw4 and 

KIR3DL1 contact residues yet differ at other regions, were examined. This chapter 

therefore aims to: 1) determine whether there exists allotypic differences in HLA-I 

mobility; 2) ascertain the regions of the HLA-I that influence their mobility profiles; and 3) 

compare the capacity of HLA-I with different mobility profiles to inhibit KIR3DL1+ve NK 

cells. 
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To determine whether individual HLA-I allotypes display differences in membrane 

dynamics, HLA-A*24:02 and -B*57:01 were chosen for comparison. These allotypes 

share considerable homology in protein structure and function, both having the capacity 

to interact with the KIR3DL1 yet differing at a number of sites including the 

transmembrane and cytoplasmic regions. Comparison of the HLA-B*57:01 and -A*24:02 

protein sequences showed them to share 85% identity, with HLA-B*57:01 being three 

amino acid shorter than HLA-A*24:02 (Figure 5.1). Additionally, HLA-B*57:01 has 

cysteine residues in the transmembrane region at positions 308 and 325 that are absent 

in HLA-A*24:02, with Cys308 being equivalent to Cys309 in HLA-C that has been 

previously implicated in impacting NK cell recognition. 

 

 

Figure 5.1 Protein sequence alignment of HLA-A*24:02 and -B*57:01. 
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The protein sequences of HLA-A*24:02 and -B*57:01 were retrieved from the EMBL 

HLA database and aligned using Clustal Omega, with the leader peptide, α1, α2, α3, 

transmembrane and cytoplasmic regions demarcated. Indicated are the Bsu36I 

restriction site for generation of chimeric “tailswap” HLA-I molecules and residues E121, 

Q218, E222 and D223 (boxed) which were mutated to alanine. Residues in bold are 

HLA-B*57:01 contact sites to the NK cell receptor KIR3DL1. eGFP was fused to both 

HLA-I molecules from residue 338. 

 

To compare the lateral mobility of the HLA-I molecules on the cell plasma membrane 

plasmids encoding eGFP-tagged HLA-B*57:01 and -A*24:02 were transiently 

transfected into 293T cells. Staining with a pan-HLA-I specific monoclonal antibody 

(mAb), W6/32, that recognises a β2-microglobulin (β2m)-dependent epitope on the HLA-

I showed that the overall level of HLA-I expressed on the cell surface of the 293T 

transfectants was comparable to the untransfected parental cell which constitutively 

expresses HLA-A*03, -B*07 and -C*07 (457-459) (Figure 5.2A). However, staining with 

a Bw4-specific mAb, which recognises both HLA-A*24:02 and -B*57:01 but not the 

endogenous HLA-I allotypes expressed by 293T cells, showed that both fusion proteins 

were expressed at the cell surface.  
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Figure 5.2 eGFP tagged HLA-I molecules have a higher mobile fraction, but 

slower membrane mobility on 293T cells compared to 221 cells. 

(A) HEK 293T (293T) and 721.221 (221) cells were transfected with eGFP tagged HLA-

A*24:02 (green) or -B*57:01 (blue) plasmids. Cells were stained for HLA-I surface 

expression with either W6/32, a pan HLA-I antibody, or anti-Bw4 antibody, followed by a 

secondary fluorescent phycoerythrin (PE) conjugated antibody (with unstained parental 

cells in black and stained parental cells in red).  (B) Representative FRAP analysis on 
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221 cells expressing GFP-tagged HLA-A*24:02. FRAP analysis was performed using 

the FRAP wizard within the Leica TCS SP5 imaging system under a 100X objective and 

photobleaching used 100% laser intensity for 5 s. Images depict prebleached, 

postbleach and recovering fluorescence at 2.5 and 8 seconds with 20 µm scale bar and 

region of interest (ROI) indicated. Fluorescence recovery was then quantitated within 

the software followed by normalization to the background and the total cell fluorescence. 

The average of the fluorescence recovery compared to pre-bleach fluorescence 

intensity (100%) across experiments, was then plotted for (C) 293T and (D) 221 cells.  

 

The mobility of these eGFP-tagged HLA-I molecules was then analysed by FRAP, with 

a Region Of Interest (ROI) 3µm in diameter on the cell membrane selected for 

photobleaching and the recovery of eGFP fluorescence assessed over time (Figure 

5.2B and C). The total recovery of fluorescence for the two HLA-I allotypes differed, 

with the percentage recovery reaching 69.48% and 81.11% for HLA-A*24:02 and -

B*57:01 respectively. Additionally, HLA-A*24:02 had slower membrane mobility (t½ of 

7.558 seconds and diffusion coefficient of 0.074 µm2/s) compared to HLA-B*57:01 (t½ of 

5.908 seconds and diffusion coefficient of 0.095µm2/s). 

 

The chimeric HLA-I-eGFP fusion proteins were also expressed in the HLA-I deficient B 

lymphoblastoid cell line 721.221 (221) and again their expression assessed by flow 

cytometry (Figure 5.2A). Staining of untransfected 221 cells with W6/32 revealed weak 
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staining, consistent with the presence of low levels of non-classical HLA class I 

molecules. Cells transfected with plasmids encoding eGFP-tagged HLA-A*24:02 and -

B*57:01 meanwhile expressed higher levels of surface HLA-I than untransfected 221 

cells, with the levels of the two transfected HLA-I molecules being comparable to one 

another when stained with both W6/32 and anti-Bw4 mAbs (F57.9.63). A summary of 

eGFP tagged HLA-I total recovery, t½ and diffusion coefficient is compared in Table 5.1. 

 

FRAP analyses of transfected 221 cells showed that the total mobile fractions for HLA-

A*24:02 and -B*57:01 were 52.35% and 54.46% respectively (Table 5.1), somewhat 

lower than that observed in 293T cells (Figure 5.2C and D). Similarly, the t½ of both 

chimeric molecules was significantly lower than that observed in 293T cells. The t1/2 for 

HLA-B*57:01-eGFP was only slightly lower than that of HLA-A*24:02-eGFP, resulting in 

a fractionally higher diffusion coefficient.  

 

Table 5.1 FRAP analysis using fluorescence protein tagged HLA-I 

HLA-I Total Recovery % t½ (s) Diffusion coefficient 
(µm2/s) 

293T cells 
A*24:02-eGFP 69.48±2.06 7.558±0.601 0.074±0.005 
B*57:01-eGFP 81.11±1.53 5.908±0.363 0.095±0.005 
221 cells 
A*24:02-eGFP 52.35±1.33 2.707±0.162 0.208±0.012 
B*57:01-eGFP 54.46±1.02 2.554±0.119 0.220±0.010 
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A*24:02-eGFP(A206K) 53.78±0.63 1.947±0.07 0.289±0.010 
B*57:01-eGFP(A206K) 60.71±0.91 2.010±0.089 0.280±0.012 

 

Taken together, the membrane behaviour of the HLA-I-eGFP fusion proteins differed 

between cell types, with a higher percentage of the HLA-I-GFP molecules being present 

in the mobile fractions of the membrane when expressed in 293T cells compared with 

221 cells. Similarly, when expressed in 293T cells, the HLA-I-eGFP proteins had 

markedly reduced diffusion coefficients compared to when they were expressed on 221 

cells. Notably, despite these cell type associated differences, the individual HLA-I 

molecules displayed similar trends, with HLA-B*57:01 displaying a higher total recovery 

and diffusion coefficient than HLA-A*24:02 in both cell lines.  

 

Although eGFP-tagged proteins are commonly used in FRAP experiments, eGFP itself 

has been shown to dimerise which may impact membrane mobility (460,461).  

Dimerization of GFP has been attributed to a hydrophobic patch comprised of the amino 

acids Ala206, Leu221 and Phe223 (454,462,463) with a spectroscopically silent A206K 

mutation shown to abrogate such dimerization (461,464). Consequently, an A206K 

mutation was introduced into both HLA-A*24:02 and -B*57:01-eGFP constructs and the 

resulting plasmids again transfected into 221 cells.  



196 
 

 

Flow cytometric analyses of cells stained with W6/32 showed that both HLA-B*57:01-

eGFP(A206K) and HLA-A*24:02-eGFP(A206K) were expressed at similar levels on the 

surface of transfected 221 cells to the HLA-I allotypes tagged with wild type eGFP 

(Figure 3A). FRAP analyses revealed HLA-A*24:02 to have a slightly higher total 

recovery than HLA-A*24:02 linked to monomeric eGFP(A206K) compared to wild-type 

eGFP (52.25% and 53.78% respectively) (Figure 5.3B and Table 5.1). Similarly, the 

HLA-B*57:01-eGFP(A206K) fusion protein also exhibited a higher total recovery 

compared with that of HLA-B*57:01-eGFP (54.46% and 60.71% respectively) (Figure 

5.3C and Table 5.1). Notably, irrespective of whether the fusion partner was eGFP or 

eGFP(A206K), there was higher total recovery of HLA-B*57:01 than HLA-A*24:02 

suggesting that more HLA-B*57:01 was in the mobile fraction of the cell membrane.  
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Figure 5.3 Monomeric eGFP(A206K)-tagged HLA-I have a higher percentage of 

mobile fraction and membrane mobility compared to eGFP-tagged HLA-I. 

(A) HLA-I surface expression was compared between 221 cells (black), and 221 cells 

transfected with eGFP (blue) or eGFP(A206K) (red)-tagged versions of HLA-A*24:02 or 

-B*57:01 by staining with W6/32 followed by anti-mouse Ig-PE, and analysed by flow 

cytometry. FRAP analysis was performed on 221 cells expressing eGFP or 

eGFP(A206K)-tagged HLA-A*24:02 (B) or HLA-B*57:01 (C) using the Leica TCS SP5 

imaging system and fluorescence recovery quantified by normalization to the 

background and the total cell fluorescence. The average of the fluorescence recovery 

compared to pre-bleach fluorescence intensity (100%) was then plotted with GraphPad 

Prism software and analyzed with a two-way ANOVA test: HLA-A*24:02 total recovery 
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eGFP verses eGFP(A206K) p<0.0001(***), t½ p<0.0001(***); HLA-B*57:01 total 

recovery eGFP verses eGFP(A206K) p<0.0001(***), t½ p<0.0001(***). 

 

Overall, the membrane mobility of the HLA-I-eGFP(A206K) proteins was increased 

relative to those fused to wild-type eGFP as evidenced by lower t1/2 values and higher 

diffusion coefficients. When coupled to eGFP(A260K), both HLA-A*24:02 and -B*57:01 

had similar t1/2 values and diffusion coefficients, with HLA-A*24:02 exhibiting marginally 

higher mobility. Thus, the potential of the wild-type eGFP tag to dimerize may decrease 

both the amount of HLA-I in the mobile fraction of the membrane and their mobility. 

 

Although the eGFP-tagged HLA-I molecules (both wild-type and A206K forms) revealed 

subtle allotypic differences in mobility between HLA-A*24:02 and -B*57:01, the size 

(283 amino acids; 26.9 kDa) and proximity of the eGFP to the cell membrane and actin 

mesh network (465,466) still had the potential to impart non-HLA-mediated influences 

on mobility. Therefore, the mobility of native, untagged versions of the two HLA-I 

allotypes expressed on 221 cells was next assessed. Flow cytometric analyses showed 

that the untagged HLA-A*24:02 and HLA-B*57:01 molecules were expressed at the cell 

surface at similar levels to the eGFP(A206K) tagged versions (Figure 5.4A).  
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Figure 5.4 The addition of eGFP(A206K) on HLA-A*24:02 and -B*57:01 impacts on 

membrane mobility and total fluorescent recovery. 

(A) 221 cells were transfected with wild-type or eGFP(A206K)-tagged HLA-A*24:02 or 

HLA-B*57:01 constructs and stained for surface expression with W6/32, followed by 

anti-mouse-IgG-PE. 221 transfectants were stained with W6/32-AF647 Fab and 

analysed by FRAP using the FRAP wizard within the Leica TCS SP5 imaging system, 

and the fluorescence recovery quantitated and normalized to the background and total 

cell fluorescence. The average of the fluorescence recovery compared to pre-bleach 

fluorescence intensity (100%) was then plotted with GraphPad Prism and a two-way 

ANOVA performed for eGFP(A206K)-tagged and wild-type (B) HLA-A*24:02 (total 
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recovery p<0.0001(***), t½ p<0.0001(***)); or (C) HLA-B*57:01 (total recovery 

p<0.0001(***), t½ p<0.0001(***)).  

 

To assess the mobility of the native versions of the two HLA-I allotypes, transfected 221 

cells were stained with Alexa Fluor® 647 (AF647) labelled Fab fragments of W6/32 

(W6/32-AF647 Fab) and subjected to FRAP analysis (Figure 5.4B-C). Where a 

summary of HLA-I total recovery, t½ and diffusion coefficient analysed using W6/32-

AF647 Fab is compared in Table 5.2. As observed using the eGFP-based approach, 

HLA-B*57:01 exhibited higher total recovery than HLA-A*24:02 suggesting that a 

greater proportion of HLA-B*57:01 was associated with mobile fractions within the cell 

membrane (Table 5.2). Notably, FRAP analyses using the W6/32-AF647 Fab resulted 

in significantly higher t1/2 values compared with those obtained using the eGFP-tagging 

approach. Indeed, analyses of the HLA-I-eGFP(A206K)-tagged molecules using the 

W6/32-AF647 Fab rather than the intrinsic fluorescence from eGFP revealed different 

values for what superficially appear to be the same cohort of molecules. Similarly, there 

were also differences in the proportion of HLA-I in the mobile fraction with higher 

recovery of molecules detected by the W6/32 Fab compared with that shown by 

eGFP(A206K), which may potentially reflect subtle differences in the pool of molecules 

assessed by the two approaches.  
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Table 5.2 FRAP analysis using W6/32 Fab labelled HLA-I 

HLA-I Total Recovery % t½ (s) Diffusion coefficient 
(µm2/s) 

A*24:02 53.33±4.2 6.585±1.43 0.085±0.015 
B*57:01 67.35±2.54 9.539±0.95 0.059±0.005 
A*24:02-eGFP(A206K) 59.65±5.23 6.193±1.61 0.091±0.019 
B*57:01-eGFP(A206K) 69.47±3.35 8.041±1.2 0.070±0.009 
A*24N-B*57C 50.23±1.56 4.625±0.377 0.122±0.009 
B*57N-A*24C 65.25±3.95 6.139±0.763 0.092±0.005 
B*57:01∆EQED 59.62±1.99 7.919±0.69 0.071±0.006 

 

Since the HLA-A*24:02 consistently had a lower percentage of mobile fraction and 

higher membrane mobility than HLA-B*57:01, the influence of the transmembrane and 

cytoplasmic tail regions on mobility were next investigated. Chimeric forms of HLA-

A*24:02 and -B*57:01 were generated, such that their N-terminal regions (aa 1-225) 

and C-terminal regions (aa 226-365 for HLA-A*24:02 and aa 226-362 for B*57:01) were 

swapped in the α3 domain. The resulting constructs, HLA-A*24N-B*57C or HLA-B*57N-

A*24C, were then transfected into 221 cells and their surface expression assessed by 

flow cytometry. Staining with W6/32 revealed HLA-A*24N-B*57C and -B*57N-A*24C to 

have similar surface expression levels to their wild type HLA-I counterparts (Figure 

5.5A).  

 



202 
 

 

Figure 5.5 Amino acids at the C-terminus of HLA-A*24:02 and -B*57:01 do not 

significantly influence membrane mobility or the percentage of mobile fraction. 

HLA-A*24:02 and -B*57:01 N-terminal segments were exchanged at amino acid 201 in 

the α3 domain to form chimeric “tailswap” mutants. The resulting constructs were 

transfected into 221 cells and the cells then stained for HLA-I surface expression using 

W6/32 followed by a PE-conjugated secondary antibody (221 parental black; HLA-

A*24:02 light green; HLA-A*24N-B*57C dark green; HLA-B*57:01 light blue; and HLA-

B*57N-A*24C dark blue) (A). Transfected 221 cells expressing wild type or tailswap 

chimeras were then labeled with W6/32-AF647 Fab before performing FRAP analysis. 

Fluorescence recovery was quantitated using the FRAP wizard within the Leica TCS 

SP5 imaging system and was normalized to the background and the total cell 
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fluorescence. Fluorescence recovery compared to pre-bleach fluorescence intensity 

(100%) was averaged, graphed and a two-way ANOVA performed for (B) HLA-A*24:02 

and HLA-A*24N-B*57C (total recovery p<0.00001(****), t½ p<0.00001(****)); and (C) 

HLA-B*57:01 and HLA-B*57N-A*24C (total recovery p<0.00001(****), t½ 

p<0.00001(****)). Two-way ANOVA for HLA-A*24N-B*57C verses HLA-B*57N-A*24C: 

total recovery p<0.00001(****), t½ p<0.00001(****).  

 

Using the AF647-labeled W6/32 Fab, the membrane mobility and percentage of mobile 

fraction of these chimeric HLA-I proteins was then assessed by FRAP analysis and 

compared to that of the wild-type HLA-I proteins (Figure 5.5B-C and Table 5.2). 

Somewhat surprisingly, the pattern of recovery of the chimeric proteins largely reflected 

the nature of the N-terminal region of the protein where markedly greater recovery 

following photobleaching was observed for HLA-B*57N-A*24C compared to either wild-

type HLA-A*24:02 or the chimeric HLA-A*24N-B*57C. Moreover, HLA-A*24N-B*57C in 

turn had a recovery that was much more similar to that exhibited by HLA-A*24:02 than 

HLA-B*57:01, again suggesting that the proportion of the HLA-I in the mobile fraction of 

the membrane was primarily dependent on sequences in the extracellular domain of the 

HLA-I. The impact of substitution of the N and C-terminal regions of HLA-B*57:01 and -

A*24:02 on the t1/2 and diffusion coefficients was more complex. Since HLA-B*57N-

A*24C and HLA-A*24N-B*57C each had greater mobility than HLA-B*57:01 or HLA-

A*24:02 respectively, this suggested that multiple parts of the protein and indeed 

multiple factors govern their diffusion rates. 
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From this data, it appeared that features of the extracellular region of HLA-I were 

primarily responsible for the allotypic differences observed in membrane mobility 

between HLA-B*57:01 and HLA-A*24:02. Although HLA-I molecules are observed to 

form homo-clusters and have the potential to interact with membrane proteins such as 

ICAM-I (467,468), the exact region/sequences that are involved in such presumably 

transient interactions have not yet been identified. To investigate potential regions of 

interaction therefore, crystal packing data was used from previous structural studies on 

HLA-B*57:01 in complex with the NK cell receptor KIR3DL1 (256). This showed the 

HLA-I α2 and α3 domains from one KIR3DL1-HLA-B*57:01/LF9 complex to contact an 

adjacent KIR3DL1-HLA-B*57:01/LF9 complex, indicating possible sites of interaction. 

Consequently, the impact of one such region, a charged patch involving residues 

Glu121, Gln218, Glu222 and Asp223 on the membrane behaviour of HLA-B*57:01 was 

assessed. These four residues were replaced with an alanine in HLA-B*57:01 to create 

a mutant HLA-B*57:01∆EQED, and the construct transfected into 221 cells. 

Replacement of this charged patch with alanine residues had no impact on the ability of 

HLA-B*57:01 to be expressed at the cell surface as detected with W6/32, with 

expression levels comparable to that of wild-type HLA-B*57:01 (Figure 5.6A). 
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Figure 5.6 Charged residues on the α2 and α3 domain of HLA-B*57:01 influence 

its mobile fraction and membrane mobility. 

 (A) Amino acids E121, Q218, E222 and D223 in HLA-B*57:01 were mutated to alanine, 

resulting in the mutant HLA-B*57:01∆EQED (dark blue). The construct was transfected 

into 221 cells and subsequently stained for surface expression of HLA-I using W6/32 

followed by secondary anti-mouse IgG-PE, and analysed by flow cytometry (HLA-

B*57:01∆EQED dark blue; HLA-B*57:01 light blue; and 221 parental black). (B) FRAP 

analysis was preformed on W6/32-AF647 Fab labelled 221 transfectants using the 

FRAP wizard within the Leica TCS SP5 imaging system and fluorescence recovery was 

quantitated within the software followed by normalization to the background and the 

total cell fluorescence. The average of the fluorescence recovery compared to pre-

bleach fluorescence intensity (100%) across experiments, was then plotted with 

GraphPad Prism software for HLA-B*57:01 and HLA-B*57:01∆EQED with a two-way 

ANOVA test showing the differences in time of recovery and total recovery to be 

p=0.0104 (*) and t½ P<0.0001(***) respectively. 
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The mobility of HLA-B*57:01∆EQED was then assessed by FRAP using the W6/32-

AF647 Fab. Interestingly, the proportion of HLA-B*57:01∆EQED in the total mobile 

fraction of membrane was significantly lower than that observed for HLA-B*57:01 

(59.62% vs 67.35% respectively (p=0.0104)) (Figure 5.6B and Table 5.2). Additionally, 

the membrane mobility of the HLA-B*57:01∆EQED mutant was significantly higher than 

that of wild-type HLA-B*57:01, with a diffusion coefficient of 0.071 µm2/s compared with 

0.059 µm2/s for the wild-type (p<0.0001). These data provide further evidence that 

sequences in the ectodomains of HLA-I proteins impact both membrane mobility and 

the proportion of HLA-I in the mobile fraction of the membrane. 

 

Finally, the generation of the chimeric HLA-A*24/B*57 allotypes along with the HLA-

B*57:01∆EQED mutant allowed for the direct assessment of the relative contributions of 

N and C-terminal regions of the HLA-I molecules to the Bw4-dependent inhibition of 

primary NK cells that expressed KIR3DL1. NK cells were co-cultured with 221 or 221 

HLA-I transfectants, and the resulting NK cell degranulation (or expression of CD107a) 

was assessed by flow cytometry (Figure 5.7A). As expected, incubation of NK cells with 

the parental 221 cells that lack endogenous ligands for the inhibitory KIR3DL1 induced 

activation of KIR3DL1+ve NK cells (Figure 5.7B). Co-culture with 221-B*57:01 target 
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cells resulted in high levels of activation of KIR3DL1-ve NK cells, but efficient inhibition of 

NK cells that expressed KIR3DL1. Incubation of primary NK cells with 221-A*24:02 

target cells resulted in similar levels of activation of KIR3DL1-ve NK cells, however 

despite also possessing the Bw4 epitope for KIR3DL1 recognition, HLA-A*24:02 

showed weaker inhibition of KIR3DL1+ve NK cells relative to HLA-B*57:01. These effects 

were specific for allotypes bearing the Bw4 motif since the expression of HLA-B*08:01, 

which lacks the Bw4 epitope, on 221 cells did not inhibit the activation of KIR3DL1+ve 

NK cells.  
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Figure 5.7 The recognition of HLA-I molecules by KIR3DL1 is attributed to the 

HLA-I N-terminal region. 

Primary NK cells were purified from donor PBMCs, sorted as either KIR3DL1+ve or 

KIR3DL1-ve and expanded. NK cells were then stimulated by co-incubation with 

transfected 221 targets for 5 hours with added monensin at an effector: target ratio of 

1:1. Degranulation was quantified by staining cells with anti-CD107a-PE and anti-

KIR3DL1-FITC antibodies and analysed via flow cytometry (A). Data were then 

normalized to the maximal degranulation observed with 221 parental targets for 

KIR3DL1+ve and KIR3DL1-ve NK cells. (B) Degranulation with targets expressing HLA-

A*24:02, -B*57:01, -A*24N-B*57C and -B*57:N-A*24:C; and (C) with HLA-B*57:01 and 
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HLA-B*57:01∆EQED, together with HLA-B*08:01 as a negative control. Data were 

graphed with GraphPad Prism software and a Mann-Whitney two-tailed t-test performed. 

 

While the allotypic variation within the Bw4 motif has been shown to impact, KIR3DL1 

recognition of Bw4 allotypes (278), HLA-A*24:02 and -B*57:01 share an identical Bw4 

motif, suggesting that residues outside the direct binding site impact functional 

recognition. Therefore, to assess the contribution of the C-terminal portion of HLA-I 

allotypes to the differences in their capacity to inhibit activation, the response of NK 

cells to 221 target cells expressing the chimeric HLA-A*24/B*57 molecules was also 

assessed. Transfectants expressing HLA-B*57N-A*24C induced functional responses 

that closely resembled that of target cells expressing wild-type HLA-B*57:01, where 

there was little activation of KIR3DL1+ve NK cells and robust activation of KIR3DL1-ve NK 

cells. Similarly, the pattern of NK cell activation observed following co-culture with target 

cells expressing HLA-A*24N-B*57C closely resembled that observed with wild-type 

HLA-A*24:02, where there was more modest attenuation KIR3DL1+ve NK cell activation. 

The data indicate that differences in the extent of inhibition associated with HLA-

A*24:02 and -B*57:01 is primarily associated with features encoded in their 

ectodomains between residues 1-225 rather than the transmembrane region or 

cytoplasmic tail.  
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Finally, since the proportion of HLA-B*57:01 associated with the mobile fraction of the 

membrane was shown to be altered following alanine substitution of residues Glu121, 

Gln218, Glu222 and Asp223, the functional significance of this on NK cell recognition 

was also assessed. Similar to the chimeric HLA-B*57-A*24 protein, incubation of 

KIR3DL1+ve NK cells with HLA-B*57:01∆EQED-expressing transfectants resulted in 

similar levels of inhibition to that conferred by wild-type HLA-B*57:01 (Figure 5.7C). It is 

perhaps worth noting further, that the addition of a GFP(A206K) tag to wild-type HLA-

A*24:02 and HLA-B*57:01 also had no impact on their usual degree of recognition by 

KIR3DL1+ve NK cells (data not shown), despite the slight differences in t1/2 values. 

These observations thus support the notion that the allotypic differences observed in the 

membrane recovery and or mobility between HLA-A*24:02 and -B*57:01 were unlikely 

to account for the marked differences in their functional potency as ligands for KIR3DL1.  
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The membrane behaviour of proteins can have a profound impact on their biological 

activity (440-442). In the case of MHC class I molecules, their membrane dynamics 

have been shown to impact T-cell signalling (440), with larger clusters observed to 

enhance T cell recognition (441). However, the extent to which allotypic variation in 

HLA-I molecules impacts membrane behaviour and ultimately immune recognition of 

these molecules is unclear. Using a variety of FRAP-based approaches to directly 

compare the behaviour of HLA-A*24:02 and -B*57:01, allotypic differences in mobility 

were identified, however their efficiency as ligands for KIR3DL1 remained dictated by 

the nature of their ectodomains. 

 

Analyses of HLA-I-eGFP fusion proteins expressed in 293T cells suggested that a 

higher proportion of HLA-B*57:01 was located within mobile elements of the plasma 

membrane than HLA-A*24:02, and that it also possessed a higher diffusion coefficient 

than HLA-A*24:02. A similar pattern was observed when these proteins were expressed 

in the B lymphoblastoid cell line 221, however there was a reduced proportion of both 

molecules in the mobile fraction and an overall increase in their diffusion coefficient 

relative to that observed in 293T cells.  

 

Previous studies have noted that HLA-I has the potential for homotypic aggregation, 

where a decrease in HLA-I surface expression (via β2m knockdown) led to a decrease 
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in the size of these aggregates and an overall increase in the mobility of the MHC-I in 

the membrane (451). It is therefore possible that the differences in HLA-I mobility 

observed between 293T and 221 cells may in part be due to differences in the overall 

level of HLA-I expression, where 293T cells co-expressed endogenous classical HLA-I 

which is absent in 221 cells which express only low levels of non-classical HLA-I such 

as HLA-E. Additionally, intrinsic cell-specific differences are also likely to impact the 

membrane behaviour of the transfected HLA-I allotypes. These may include differences 

in the membrane itself, such as lipid composition that may impact the frequency, size 

and distribution of lipid rafts, but also may reflect different interactions with 

transmembrane or cytoskeletal proteins. 

 

While the use of eGFP-tagged proteins to assess the mobility and/or membrane 

behaviour of proteins is widespread, eGFP itself has the potential to dimerise, which in 

turn could mask or alter the actual behaviour of the tagged-protein. Comparison of the 

mobility and recovery of HLA-I proteins fused to a mutant eGFP that lacks this tendency 

yielded similar diffusion coefficients but enhanced recovery. Appending eGFP to the 

HLA-I may therefore impact the proportion of mobile HLA-I, potentially through 

interactions with the cytoskeleton. Consistent trends between the HLA-I allotypes were 

obtained, however, upon direct assessment of the mobility of wild-type, untagged 

molecules using Fab fragments of the pan-HLA-I-specific mAb W6/32 with a greater 

recovery observed for HLA-B*57:01 than HLA-A*24:02 following photobleaching.  
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Comparison of the diffusion rates obtained via photobleaching using eGFP relative to 

the AF647-labelled W6/32 Fab resulted in distinctly different diffusion coefficients. 

Notably, the mobility as assessed by the W6/32-AF647 Fab was markedly reduced 

compared with that assessed by eGFP(A206K) detection. Photobleaching of 

eGFP(A206K) proteins yielded diffusion coefficients that ranged from 0.220-0.289 µm2/s 

whereas the W6/32 Fab-based approach resulted in constants from 0.079-0.091 µm2/s. 

Similarly, the total recovery percentage was found to be higher when assessed via 

photobleaching of W6/32 Fab compared to the covalently linked eGFP(A206K). These 

differences may reflect the fact that the photobleaching of eGFP essentially assesses all 

HLA-I regardless of conformation, whereas the W6/32 Fab only recognises conformed 

HLA-I that is typically associated with β2m and peptide at the cell surface. Thus, 

properly conformed HLA-I may have reduced rates of mobility than those where the 

heavy chain has an abnormal conformation or has dissociated with peptide or β2m. 

 

While previous studies have suggested that deletion of the cytoplasmic tail can impact 

both the mobility and functional recognition of MHC-I proteins, analysis of the chimeric 

HLA-A*24/B*57 molecules suggested that the allotypic differences in the proportion of 

HLA-I in the mobile fraction of the membrane largely reflected the identity of the 

extracellular region. Greater recoveries were observed for proteins that possessed the 

N-terminus of HLA-B*57:01 and, consistent with this, mutation of a charged patch within 

the ectodomain of HLA-B*57:01 also impacted recovery following photobleaching but 

had a modest impact on the diffusion coefficient. Finally, since HLA-B*57:01 and -
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A*24:02 are ligands for the inhibitory NK cell receptor KIR3DL1, the capacity of both 

wild-type and mutant HLA-I allotypes to inhibit NK cell activation was assessed.  While 

there was a marked difference in the capacity of HLA-B*57:01 and -A*24:02 to inhibit 

the activation of KIR3DL1+ve NK cells, this potential mapped to the ectodomain of HLA-

B*57:01 with the B*57N-A*24C molecule conferring a similar degree of inhibition to that 

of HLA-B*57:01. Similarly, despite having a reduced percentage recovery following 

photobleaching, the HLA-B*57:01∆EQED mutant inhibited the activation of KIR3DL1+ve 

NK cells to a similar extent to the wild type HLA-B*57:01.  

 

Overall, the data demonstrate consistency with previous observations, where the 

membrane behaviour of HLA-I was in part, cell type dependent. Critically the data 

highlighted the extent to which different methodologies impacted the observed mobility. 

Regardless, there were consistent differences in the membrane behaviour of HLA-

A24:02 and -B*57:01, with HLA-B*57:01 associated with a higher mobile fraction 

compared to HLA-A*24:02. Somewhat surprisingly, these differences seemed more 

strongly associated with the HLA-I ectodomains than the transmembrane or cytoplasmic 

regions of the HLA-I molecule. While no differences in NK cell recognition of these HLA-

I allotypes were observed when they were expressed at high levels on 221 cells, further 

analyses of cells expressing significantly lower levels of HLA-I, and where mobility may 

be critically involved  (such as the forming an effective immune synapse) may be 

required to determine the extent to which this variation in membrane behaviour impacts 

NK cell or even T cell recognition.  
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Chapter 6: General Discussion 
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Major findings in this thesis: 

This thesis sought to investigate the relationship between polymorphic Killer cell 

Immunoglobulin-like Receptors and their cognate ligands, HLA-I molecules, and how 

their strength of interaction impacts on NK education and their responsiveness to HLA-I 

expression. The major findings of this thesis are: 

1. The frequency of KIR expressing NK cells was not influenced by the presence of 

respective cognate HLA-I ligands. However, the presence of cognate 

receptor/ligand pairs was associated with an increased proportion of cells that 

responded to HLA-I deficient target cells, a surrogate measure of NK cell 

education. 

2. Polymorphisms in the genes encoding both KIR and HLA-I impact the strength 

of their interaction, NK cell education and target cell recognition. 

3. The strength of the KIR3DL1/HLA-Bw4 interaction correlates with the control of 

viral replication in untreated HIV-infected individuals.  

4. Polymorphism at position 47 of KIR3DL1 is associated with control of HIV 

replication in HLA-B*57:01+ve individuals, possibly as a result of this 

polymorphism impacting the capacity of KIR3DL1 to monitor the level of HLA-I.  

5. Allotypic variation in the mobility of HLA-I proteins can be influenced by residues 

within their ectodomains.  
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The capacity of NK cells to undertake immunosurveillance depends partly on their ability 

to recognise highly polymorphic MHC-I proteins. Indeed, the extreme polymorphism in 

the MHC loci has created an evolutionary “moving target”, since the genes encoding the 

heavy chain are continually diversifying to expand their potential to capture foreign 

peptides (469,470) and stimulate broad cytolytic T cell responses (471). Not surprisingly 

perhaps, the genes encoding MHC-I-reactive receptors can also be diverse as 

exemplified by the Ly49 and KIR receptor families in mice (472) and humans 

respectively (193). In these receptor families this diversity allows individual receptors to 

recognise distinct subsets of MHC-I allotypes (73-77,226-228). Interestingly however, 

not all MHC-I allotypes appear to be ligands for NK cell receptors, contributing to the 

potential to generate NK cells that lack self-reactive inhibitory receptors (94).  

 

The diversity in genes encoding these NK cell receptors is evident in two ways. Firstly, 

gene duplication has created a large number of genes with very high degrees of 

sequence identity, and secondly, polymorphism within individual genes has acted to 

further expand their capacity to accommodate polymorphic variation in MHC-I ligands 

(473-475). This diversity is probably best understood in the context of KIR where 

numerous studies analysing KIR haplotypes have shown clear and distinct variation in 

gene content as well as extensive polymorphism within individual KIR genes.  
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Population-based analyses suggest that KIR genetics are impacted by the HLA-I allelic 

pool (308,310). The HLA-I types present within the Australian cohort used in this study, 

showed the composition to be similar to European cohorts (235,281,308,312,476-479). 

Specifically, with respect to KIR ligands, there was a higher proportion of HLA-C1 

allotypes compared to HLA-C2 along with a relatively high frequency of HLA-A*3/A*11 

allotypes (Appendix A.1). Similarly, the low-resolution analysis of genetic diversity in 

the KIR3DL1/S1 locus suggested that the Australian cohort had a distribution of alleles 

similar to European and Middle Eastern populations where the frequency of alleles such 

as KIR3DL1*007 is low in contrast to alleles in the High 2 subgroup which includes 

KIR3DL1*020. This genetic diversity both in KIR and HLA-I genes generates an 

immense number of possible KIR-HLA-I combinations of varying strength.  

 

In addition to the enormous genetic diversity in KIR, their complex patterns of 

expression further impact on NK cell surveillance of HLA-I proteins. Thus, the mosaic 

expression of inhibitory receptors on NK cells results in heterogeneous subsets that 

diverge in self-HLA-I-reactive receptor number and type, which then additionally interact 

with different HLA-I allotypes at varying affinities.  Early models of NK cell education 

proposed the “at least one” model where all NK cells were thought to express “at least 

one” inhibitory receptor that recognized self HLA-I allotypes (391,480,481). However, 

there is increasing evidence that some NK cell subsets lack self-reactive inhibitory 

receptors and yet still possess a degree of effector function (63,482-484). The findings 

in this study are consistent with the latter observations, where there existed NK cell 

subpopulations that lacked both self-reactive KIR and NKG2A in all donors. However, 
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whether or not there exist non-HLA-I based receptor/ligand systems that also provide 

both a degree of education and missing self-recognition is an open question. In this 

respect, recent evidence from the NKRP-1B/Clr-b systems suggests that at least 

missing-self reactivity can be mediated by non-MHC-I reactive receptors (485). As such, 

a focused analysis of receptor expression on cells that lack self-HLA-I specific receptors 

may provide additional insights. 

 

Notwithstanding the lack of HLA-I-dependent education, NK cells that lack self-reactive 

inhibitory KIR/NKG2A may still have physiological significance, since following 

stimulation through CD16, they both degranulated and produced IFNγ to a similar extent 

to educated NK cell subpopulations. Data from Tarek and colleagues suggest that 

uneducated NK cells are the main responders in antibody dependent NK cell activation 

in neuroblastoma patients who have received anti-disialoganglioside (GD2) mAb (395). 

One interpretation of this observation is that while inhibitory receptors can educate, 

tonic signalling between inhibitory KIR and HLA-I may increase the activation threshold 

of educated NK cells. Moreover, uneducated NK cells may be the dominant responding 

NK cell population in the acute phase of murine cytomegalovirus infection, with MHC-I 

knockout mice found to better control infection (486,487). Interestingly in this model, this 

early activation is in part dependent on pro-inflammatory cytokines such as IL-12 and 

IL-18 (488), raising the possibility that uneducated NK cells, which have no tonic 

inhibitory signalling from recognition of self-MHC-I, may be more responsive to 

proinflammatory stimuli than educated cells.  These observations would therefore 
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suggest that uneducated NK cells might perform separate roles that may not be 

dependent on HLA-I recognition. 

 

The molecular mechanisms that underpin the allotypic driven variations in the strength 

of KIR/HLA-I interactions in many cases still remain elusive. A comparison of HLA-Bw4 

allotypes shows that the residues that interact with KIR3DL1, with the exception of the 

dimorphism at position 80, are almost entirely conserved. As such, it is difficult to 

reconcile the differences in KIR3DL1 recognition of alleles such as HLA-B*57:01 with 

that of HLA-B*52:01 or as assessed herein, HLA-A*24:02. Of the residues in HLA-

B*57:01 that make direct contacts with KIR3DL1, with the exception of residue 151 

where a histidine has been substituted for an arginine, all are completely conserved in 

HLA-A*24:02. Moreover, a His151Arg mutation in HLA-A*24:02 still does not confer the 

capacity to inhibit NK cell activation with the same potency as HLA-B*57:01 (P. 

Saunders, unpublished data). As such, the capacity for differences in membrane 

mobility of these two HLA-I allotypes to impact functional recognition was explored.  

 

The data suggested that there were subtle differences in both the proportion of each 

HLA-I allotype in the mobile fraction of the membrane and in their membrane mobility. 

Somewhat surprisingly, the membrane behaviour of each HLA-I allotype correlated 

more strongly with features/sequences contained within the extracellular domain than 

the transmembrane or cytoplasmic regions of these HLA-I molecules. Consequently, 
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given the marked differences in the peptide binding properties of HLA-B*57:01 and -

A*24:02 that are also driven by polymorphisms in the ectodomains, the experimental 

approach in this study, was unable to separate these two overlapping effects. 

Nevertheless, given the substantial amount of previously published data documenting 

the extent to which the sequence of HLA-I-bound peptides can impact KIR recognition 

(274,284,489,490), it seems more likely that the differences in recognition of HLA-

A*24:02 and -B*57:01 by KIR3DL1 result from their different peptide repertoires or 

differences in the way they display peptide for immune recognition.  

 

The level of cell surface expression of HLA-I allotypes has the potential to impact the 

avidity of the interaction with KIR and hence both NK cell education and target cell 

recognition. However, the analyses here did not show a strong relationship between the 

level of HLA-I expression and education. In contrast Boudreau et al. did observe such a 

relationship (350). This difference may be due to several factors including the 

composition of the cohorts. In particular, the data from Boudreau et al. used a 

somewhat selected cohort comprised of individuals who possessed only a single HLA-

Bw4 allotype and unlike the data herein, excluded individuals with HLA-A-encoded Bw4 

allotypes. Furthermore, while allotypic differences in cell surface expression levels 

clearly effect the overall avidity of the KIR/HLA-I interaction, given the peptide-specific 

nature of the interaction, peptide repertoire and conformation effects may be more 

important for both recognition and education than relatively subtle changes in the 

amount of HLA-Bw4 allotype on the cell surface. 
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The level of cell surface expression of KIR3DL1 also has the potential to impact 

KIR/HLA-I avidity and education. Again, there was no obvious correlation between 

KIR3DL1 expression and the capacity of NK cells to respond to HLA-I deficient target 

cells which was also in contrast to data from Boudreau et al (350). The basis for this 

difference is unclear but may similarly reflect the nature of the different study cohorts 

and potentially how donors who possess multiple KIR3DL1 and/or HLA-Bw4 alleles are 

incorporated into the analyses. 

 

While there was no clear correlation between the cell surface expression levels of HLA-I 

and KIR3DL1 or the presence of HLA-Bw4Ile80 alleles with the proportion of cells that 

responded to HLA-I-deficient target cells, the strength of the KIR/HLA-I interaction 

strongly correlated with the degree of NK cell education. Moreover, within a cohort of 

HIV+ve individuals who had not received antiretroviral treatment, longitudinal viral loads 

were found to inversely correlate with the strength of the KIR3DL1/HLA-I pairings 

present. Theses analyses suggest that the quantification of KIR/HLA-I interactions is at 

least partially predictive of the capacity of KIR3DL1+ve NK cells to respond to cells with 

reduced HLA-I expression, as in HIV infection. Similar sorts of analyses across other 

KIR family members may further refine our understanding of the capacity of NK cells to 

respond to target cells that have reduced levels of HLA-I proteins on their cell surface. 
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There may be value in further applying such binding analyses to other clinical settings, 

such as in patients who have received hematopoietic stem cell transplants for acute 

myelogenous leukaemia (AML) where KIR/HLA-I interactions have been associated 

with outcomes or as an approach to better define the role of NK cells in infection. 

Indeed, in the setting of AML, the data are quite divergent with respect to the extent to 

which outcomes are impacted by the immunogenetics of the KIR and HLA-I loci (362-

365). While this has largely been attributed to differences in clinical approaches 

(366,367), the data here suggest that a simplistic analysis of KIR/HLA-I interactions that 

does not fully account for the impact of allelic variation in these loci, may adversely 

impact the power of such clinical association studies and influence the interpretation of 

the data. 

 

The data from this study also suggest that similar approaches should be employed for 

other KIR and clinical settings. For example, possession of both KIR2DL3 and HLA-C1 

alleles has been associated with resolution of HCV infection (346). Interestingly, the 

association was only observed in individuals who were homozygous for KIR2DL3 rather 

than those who also expressed its allelic relative KIR2DL2. The association was 

proposed to be due to slightly weaker interactions between HLA-C1 and KIR2DL3 

compared with KIR2DL2 (346). An understanding of the impact of allelic variation in 

both KIR2DL2/3 and HLA-C1 may therefore be critical to better understand the 

underlying mechanisms of disease control. 
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While the presence of KIR3DL1/HLA-Bw4 pairs that drive strong interactions was 

broadly associated with elevated CD4+ve T cell counts and reduced viral loads in HIV+ve 

individuals (419-422), this was not strictly observed in individuals who possessed HLA-

B*57:01. Indeed, KIR3DL1 allotypes with a valine at position 47, such as KIR3DL1*015, 

were associated with higher levels of HIV viral control than those that possessed an 

isoleucine, present on allotypes such as KIR3DL1*005, which bound more strongly to 

HLA-B*57:01. Furthermore, it was observed that NK cells expressing KIR3DL1V47 

allotypes but not those that expressed KIR3DL1I47 mounted more robust responses to 

target cells that expressed reduced levels of HLA-B*57:01. This therefore suggests that 

allotypic variation in the strength of KIR/HLA-I interactions not only regulate education 

but also the sensitivity of KIR to HLA-I expression levels on potential target cells. Thus, 

in situations where the number of educated cells is not limiting, KIR/HLA-I ligand pairs 

of intermediate affinity may allow NK cells to respond to target cells that exhibit much 

more subtle downregulation of HLA-I. These two distinct dynamics may in essence, 

create “sweet spots” for optimal responses that differ depending on the infection or 

clinical setting.  For example, in clinical settings where there is a total ablation of HLA-I, 

such as β2m loss on cancers, the capacity of KIR to differentiate between cells that 

have normal and subtle reductions in HLA-I expression may be irrelevant and KIR/HLA-I 

interactions that generate the highest numbers of educated NK cells would be favoured. 

In contrast, in situations of viral infection and where partial HLA-I downregulation is 

observed, slightly weaker interacting KIR/HLA-I pairs may allow for responses to 

infected cells prior to the completion of the replication cycle and therefore might confer 

better vial control.   
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Genetic variation in both KIR and HLA-I impacts the strength of their interaction. These 

genetic differences impact both NK cell education and target cell recognition and, at 

least in the context of the KIR3DL1/HLA-Bw4 system, it was shown to have clear 

implications for the control of HIV infection. The capacity to accurately quantify the 

strength of diverse KIR/HLA-I interactions and similarly to define allelic variation of each 

within clinical cohorts offers a pathway to better understand the broader variation in 

clinical responses to both infection and cancer as well as to contribute to the 

development of personalized therapeutic strategies. 
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Appendix 

Appendix A. Donor HLA-I typing, KIR3DL1 typing and KIR expression 

  

A.1. Frequency of KIRs and HLA-I ligands in the Australian study cohort.  

Genomic DNA extracted from donor PBMC was HLA-I typed by the Australian Red 

Cross Blood Service at the HLA-A, B and C locus (n=103). Donor PBMCs were 

stained with a panel of KIR antibodies (KIR2DL1/S1, KIR3DL2/L3/S2, KIR3DL1 and 

KIR3DL2) and analyzed using flow cytometry. The frequencies of the various KIR 

and HLA-I present in the donors were determined: (A) KIR3DL1; (B) Bw4+ve HLA-A 

and -B molecules; (C) Bw4+ve HLA-A; (D) Bw4+ve HLA-B; (E) KIR2DL1/S1; (F) HLA-
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C1; (G) HLA-C2; (H) HLA-A*3/A*11; (I) KIR2DL2/L3; and (J) KIR3DL2. (For full list 

see Appendix A.2) 
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A.2. Donor HLA-I typing, KIR staining and receptor/ligand pairing 

Donor HLA-A 
(Bw4) 

HLA-B 
(Bw4) 

HLA-C 
(C1 
/C2) 

A3/A11 
(3DL2 
ligand) 

KIR3DL1 KIR3DL2 KIR2DL1/
S1 

KIR2DL2/
L3/S2 

KIR3DL1 
+ Bw4 

KIR3DL2 
+ HLA-
A*3/11 

KIR2DL1 
+ C2 

KIR2DL2
L3 + C1 

no. of 
pairs 

47 11:01 46:01 
58:01 

No typing 
yet + + + + + + + - - 2 

50 03:01 
33:03 

07:02 
50:01 

No typing 
yet + + + - + - + - - 1 

51 03:01 
11:01 

07:02 
15:01 

No typing 
yet + + + + + - + - - 1 

53 29:02:01, 
30:02:01 

18:01:01 
44:03:01 

05:01; 
16:01 - + + + + + - - - 1 

56 No typing 
yet 

No typing 
yet 

No typing 
yet ? + + + + - - - - 0 

59 No typing 
yet 

No typing 
yet 

No typing 
yet ? + + + + - - - - 0 

67 01:01:01 
66:01:01 

40:01:01 
41:02 

No typing 
yet ? + + + + - - - - 0 

76 02:01 
02:05 

44:02 
50:01 

5:01  
6:02 - + + + + + - + - 2 

77 01:01 
03:01 

08:01 
15:01 

03:03 
07:01 + + + + + - + - + 2 

80 1:01 
11:01 

08:01 
55:01 

3:03 
 07:01 + + + + + - + - + 2 

81 3:01 44:03 
51:01 

1:02 
 04:01 + + + + + + + + + 4 

82 23:01 
29:02 

44:03 
44:03 

4:01 
 16:01 - + + + + + - + + 3 

84 01:01 
30:02 18:01 5:01 

 12:03 - + + + + - - + + 2 

85 02:01 
03:01 

07:02 
 57:01 

06:02 
07:02 + + + + + + + + + 4 

86 02:01 07:02 
39:01 

07:02 
12:03 - + + + + - - - + 1 

88 02:01 
11:01 

15:02 
54:01 

01:02 
08:01 + + + + + - + - + 2 
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89 03:01 
24:02 

15:01 
38:01 

03:03 
12:03 + - + + + - + - + 2 

90 02:01 
24:02 

15:01 
35:02 

01:02 
04:01 - + + + + + - + + 3 

91 11:01 
31:01 

40:01 
51:01 

07:02 
15:02 + + + + + + + + + 4 

93 11:01 
26:01 

07:05 
35:03 

07:02 
14:02 + + + + + - + - + 2 

95 02:01 07:02 
44:02 

05:01 
07:02 - + + + + + - + + 3 

96 01:01 08:01 07:01 - + + + + - - - + 1 

97 02:01 
02:05 

07:02 
41:01 

07:01 
07:02 - + + + + - - - + 1 

98 02:01 
02:05 

07:02 
41:01 

03:0 
 07:01 - + + + + - - - + 1 

99 01:01 
02:01 

08:01 
44:02 

05:01 
07:01 - + + + + + - + + 3 

100 02:01 07:02 
44:02 

05:01 
07:02 - + + + + - - + + 2 

101 results 
failed 

results 
failed 

results 
failed ? + + + + - - - - 0 

AA 02:07:01 
11:01:01 

15:02:01 
46:01:01 

01:02:01 
08:01:01 + + + + + + + - + 3 

AE 25:01:01 
30:01:01 

13:02:01 
18:01:01 

06:02:01 
12:03:01 - + + + + + - + + 3 

AF 03:01:01 
11:01:01 

07:05:01 
51:01:01 

15:02:01 
15:05:01 + + + + + + + + - 3 

AG 02:01:01 
03:01:01 

44:02:01 
57:01:01 

05:01:01 
06:02:01 + + + + + + + + - 3 

AH 2:01:01 27:05:02 
51:01:01 

01:02:01 
02:02:02 - + + + + + - + + 3 

AI 01:01:01 
02:01:01 

07:02:01 
44:02:01 

07:02:01 
07:04:01 - - + + + - - - + 1 

AJ 01:01:01 
24:02:01 

08:01:01 
40:01:01 

03:04:01 
07:01:01 - - + + + - - - + 1 

AK 01:01:01 
32:01:01 

07:02:01 
08:01:01 

07:01:01 
07:02:01 - + + + + + - - + 2 

AL 01:01:01 08:01:01 05:01:01 + + + + + + + + + 4 
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03:01:01 44:02:01 07:01:01 

AM 02:01:01 
03:01:01 

07:02:01 
56:01:01 

01:02:01 
07:02:01 + + + + + - + - + 2 

AN 03:01:01 
68:01:02 

35:01:01 
55:01:01 

03:03:01 
04:01:01 + + + + + - + + + 3 

AO 02:01:01 
03:01:01 

15:01:01 
40:02:01 

02:02:02 
03:04:01 + + + + + - + + + 3 

AQ 2:01:01 07:02:01 
40:01:01 

03:04:01 
07:02:01 - + + + + - - - + 1 

AR 01:01:01 
24:02:01 

52:01:01 
57:01:01 

06:02:01 
12:02:01 - + + + + + - + + 3 

AS 02:01:01 
26:01:01 

27:05:02 
37:01:01 

01:02:01 
06:02:01 - + + + + + - + + 3 

AT 11:01:01 52:01:01 
56:01:01 

01:02:01 
12:02:01 + - + + + - + - + 2 

AU 24:02:01 
32:01:01 

35:01:01 
44:02:01 

04:01:01 
05:01:01 - - + + + - - + - 1 

AV 01:01:01 
02:01:01 

07:02:01 
08:01:01 

07:01:01 
07:02:01 - + + + + - - - + 1 

AW 01:01:01 
02:01:01 

27:05:02 
44:02:01 

01:02:01 
05:01:01 - + + + + + - + + 3 

AX 01:01:01 
02:11:01 

40:06:01 
51:01:01 

15:02:01 
16:02:01 - + + + + + - + - 2 

AY 23:01:01 
68:01:01 

49:01:01 
51:01:01 

07:01:01 
15:02:01 - + + + + + - + + 3 

AZ 11:01:01 
25:01:01 

35:01:01 
44:02:01 

04:01:01 
05:01:01 + + + + + + + + - 3 

BB 03:01:01 
31:01:02 

15:01:01 
44:02:01 

04:01:01 
05:01:01 + + + + + + + + - 3 

BC 03:01:01 
23:01:01 

44:03:01 
56:01:01 

01:02:01 
04:01:01 + + + + + + + + + 4 

BD 02:01:01 
03:01:01 

18:01:01 
55:01:01 

03:03:01 
07:01:01 + + + + + - + - + 2 

BE 02:01:01 
11:01:01 

15:18:01 
52:01:01 

07:04:01 
12:02:01 + + + + + + + - + 3 

BF 03:01:01 
32:01:01 

07:02:01 
15:01:01 

04:01:01 
07:02:01 + + + + + + + + + 4 

BG 01:01:01 08:01:01 01:02:01 - - + + + - - - + 1 
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02:01:01 15:01:01 07:01:01 

BH 01:01:01 
24:02:01 

40:01:01 
49:01:01 

03:04:01 
06:02:01 - + + + + + - + + 3 

BI 02:01:01 
30:01:01 

13:02:01 
44:02:01 

05:01:01 
06:02:01 - + + + + + - + - 2 

BJ 01:01:01 
02:01:01 

08:01:01 
44:02:01 

05:01:01 
07:01:01 - + + + + + - + + 3 

BK 02:01:01 
23:01:01 

07:02:01 
44:02:01 

05:01:01 
07:02:01 - + + + + + - + + 3 

BL 01:01:01 
03:01:01 

07:02:01 
08:01:01 

07:01:01 
07:02:01 + + + + + - + - + 2 

BM 01:01:01 
29:02:01 

07:02:01 
08:01:01 

07:01:01 
07:02:01 - - + + + - - - + 1 

BN 02:01:01 
11:01:01 

13:01:01 
40:01:01 3:04:01 + + + + + + + - + 3 

BO 2:01:01 18:01:01 7:01:01 - + + + + - - - + 1 

BP 24:02:01 07:02:01 
18:01:01 

05:01:01 
07:02:01 - + + + + + - + + 3 

BQ 01:01:01 
02:01:01 

08:01:01 
15:01:01 

03:04:01 
07:01:01 - + + + + - - - + 1 

BR 24:02:01 
30:04:01 41:01 17:01:01 - + + + + + - + - 2 

BS 02:01:01 
32:01:01 

37:01:01 
40:02:01 

02:02:02 
06:02:01 - - + + + - - + - 1 

BT 25:01:01 
32:02:01 

18:01:01 
51:01:01 

12:03:01 
16:01:01 - - + + + - - - + 1 

BU 01:01:01 
32:01:01 

15:01:01 
55:01:01 03:03:01 - + + - + + - - + 2 

BV 02:01:01 44:02:01 
55:01:01 

03:03:01 
05:01:01 - + + + + + - + + 3 

BW 25:01:01 57:01:01 06:02:01 - - + + + - - + - 1 

BX 02:01:01 
03:01:01 

35:01:01 
57:01:01 

04:01:01 
06:02:01 + - + + + - + + - 2 

BY 31:01:02 39:01:01 
40:01:01 

03:04:01 
07:02:01 - + + + + - - - + 1 

BZ 01:01:01 
03:01:01 

07:02:01 
08:01:01 

07:01:01 
07:02:01 + + + + + - + - + 2 

CA 02:01:01 07:02:01 03:04:01 + + + + + - + - + 2 
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03:01:01 40:01:01 07:02:01 

CB 03:02:01 
30:04:01 

41:01 
57:01:01 

06:02:01 
17:01:01 + + + + + + + + - 3 

CC 24:02:01 
26:01:01 

07:02:01 
14:01 

07:02:01 
08:02:01 - + + -  + - - - 1 

CD 11:01:01 
31:01:02 

07:02:01 
51:01:01 

07:02:01 
14:02:01 + + + + + + + - + 3 

CE 03:01:01 
26:01:01 

07:02:01 
38:01 

07:02:01 
12:03:01 + + + + + + + - + 3 

CF 11:01:01 
34:01 

15:06 
48:01:01 

04:03 
08:01:01 + + + + + - + + + 3 

CG 01:01:01 
68:01:02 

08:01:01 
18:01:01 

07:01:01 
12:03:01 - + + + + - - - + 1 

CH 1:01:01 8:01:01 7:01:01 - + + + + - - - + 1 

CI 03:01:01 
24:02:01 

07:02:01 
15:01:01 

03:04:01 
07:02:01 + + + + + + + - + 3 

CJ 02:01:01 45:01:01 
57:01:01 

06:02:01 
16:01:01 - + + + + + - + + 3 

CK 02:01:01 
26:01:01 

18:01:01 
44:05 

02:02:02 
07:01:01 - + + + + + - + + 3 

CL 02:01:01 
24:02:01 

18:01:01 
51:01:01 

07:01:01 
15:02:01 - + + + + + - + + 3 

CM 32:01:01 
33:03:01 

07:05:01 
44:03:02 

03:03:01 
07:01:01 - - + + + - - - + 1 

CN 01:01:01 
33:03:01 

08:01:01 
35:01:01 

04:01:01 
07:01:01 - + + + + - - + + 2 

CO 1:01:01 8:01:01 7:01:01 - + + + + - - - + 1 

CP 24:02:01 
31:01:02 

15:01:01 
15:24 3:03:01 - + + + + + - - + 2 

CQ 01:01:01 
02:01:01 

08:01:01 
15:01:01 

03:03:01 
07:01:01 - + + + + - - - + 1 

CR 02:01:01 
11:01:01 

39:01:01 
57:01:01 

06:02:01 
12:03:01 + + + + + + + + + 4 

CS 01:01:01 
32:01:01 

08:01:01 
40:02:01 

02:02:02 
07:01:01 - - + + + - - + + 2 

CT 02:01:01 
11:01:01 

14:02:01 
44:02:01 

05:01:01 
08:02:01 + - + + + - + + + 3 

CU 01:01:01 07:02:01 07:02:01 + + + + + + + - + 3 
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03:01:01 44:03:01 16:01:01 

CV 11:01:01 
68:01:02 

14:02:01 
35:01:01 

04:01:01 
08:02:01 + - + + + - + + + 3 

CW 02:01:01 
34:02 

08:01:01 
44:03:01 

07:01:01 
16:01:01 - + + + + + - - + 2 

CX 02:03:01 
11:01:01 

18:01:01 
38:02 

07:02:01 
07:04:01 + + + + + + + - + 3 

CY 01:01:01 
24:02:01 

08:01:01 
35:03:01 

07:01:01 
12:03:01 - + + + + + - - + 2 

CZ 02:01:01 
03:01:01 

15:01:01 
51:01:01 

03:03:01 
15:02:01 + + + + + + + + + 4 

DA 01:01:01 
24:02:01 

15:01:01 
37:01:01 

01:02:01 
06:02:01 - + + + + + - + + 3 

DB 02:07:01 
11:02:01 46:01:01 01:02:01 + + + + + - + - + 2 

DC 11:01:01 
26:01:01 

35:02:01 
38:01 

04:01:01 
12:03:01 + + + + + + + + + 4 

*The presence of KIR is based on surface expression using specific antibodies 
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A.3. KIR3DL1 typing and binding score with HLA-Bw4 ligand pairing 

Donor % of 
CD3+ 

HLA-A 
(Bw4) 

HLA-B 
(Bw4) 

highest 
binding 
affinity 

Average 
Binding 
affinity 

Lowest 
Binding 
affinity 

Bw4 MFI Number 
of Bw4 
alleles 

Pos80 (by 
HLA 

order) 

KIR3DL1 
allotype 

KIR3DL1 
MFI 

%of 3DL1 
cells 

47 2.16 11:01 46:01 
58:01 

93.16 93.16 93.16 458 1 I High2 1104.5 2.445 

50 2.19 03:01 
33:03 

07:02 
50:01 

0 0 0 73 0 - High2/S1 198 2.32 

51 7.97 03:01 
11:01 

07:02 
15:01 

0 0 0 118 0 - S1 147 2.18 

53 6.92 29:02:01 

30:02:01 

18:01:01 
44:03:01 

38.74 38.74 38.74 345 1 T High2/low
2 

346 3.01 

56 2.87 No typing 
yet 

  0 0 0 128 -   High2/S1 825 3 

59 2.94 No typing 
yet 

  - - - 181 -   High1 637 8.09 

67 4.56 01:01:01 

66:01:01 

40:01:0 

 41:02 

0 0 0 124 0 - High2 1101 1.21 

76 3.25 02:01 

02:05 

44:02 

50:01 

18.77 18.77 18.77 258 1 T High2 773 4.1 

77 1.34 01:01 

03:01 

08:01 

15:01 

0 0 0 73.5 0 - 004/High2 921 0.92 

80 3.48 01:01 08:01 0 0 0 75.4 0 - High2 613 4.63 
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11:01 55:01 

81 4.61 03:01 44:03 

51:01 

46.67 44.02 41.37 967 2 T,I High1 939 7.5 

82 4.5 23:01 

29:02 

44:03 

44:03 

38.74 21.855 4.97 628 3 I,T,T 004/High2 790 1.33 

84 2.94 01:01 

30:02 

18:01 0 0 0 96.8 0 - Low1/S1 205 0.22 

85 3.55 02:01 
03:01 

7:02 

57:01 

100 100 100 331 1 I Low1/S1 146 6.81 

86 1.47 02:01 07:02 

39:01 

0 0 0 59.9 0 - High2/S1 562 3.51 

88 3.84 02:01 

11:01 

15:02 

54:01 

0 0 0 78.9 0 - High1/Hig
h2 

739 5.14 

89 3.38 03:01 

24:02 

15:01 

38:01 

0 0 0 230 1 I S1 - - 

90 9.69 02:01 

24:02 

15:01 

35:02 

32.43 32.43 32.43 297 1 I High1 657 5.45 

91 2.36 11:01 

31:01 

40:01 

51:01 

39.32 38.975 38.63 162 1 I Low1/High
2 

633 5.7 

93 2.44 11:01 

26:01 

07:05 

35:03 

0 0 0 63.7 0 - Low1 178 4.19 
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95 4.26 02:01 07:02 

44:02 

30.77 37.03 43.29 676 1 T Low1/High
1 

927 7.915 

96 7.67 01:01 08:01 0 0 0 459 0 - 004/High2 1627 1.59 

97 1.42 01:01 08:01 0 0 0 34.2 0 - Low1/High
2 

492 1.55 

98 0.36 02:01 

02:05 

07:02 

41:01 

0 0 0 93.5 0 - Low1/High
2 

225 7.31 

99 6.19 01:01 

02:01 

08:01 

44:02 

18.77 18.77 18.77 485 1 T High2/S1 613.5 2.245 

100 1.01 02:01 07:02 

44:02 

30.77 24.77 18.77 177 1 T High1/Hig
h2 

550 8.24 

101 3.88 results 
failed 

  - - - 553 -   004/High1 908 11.8 

AA 27.6 02:07:01 
11:01:01 

15:02:01 
46:01:01 

0 0 0 238 0 - High2/S1 291.6 0.84 

AE 1.9 25:01:01 
30:01:01 

13:02:01 
18:01:01  

0 0 0 497 2 I,T *004/High
1 

1931.5 3.25 

AF 6.86 03:01:01 
11:01:01 

07:05:01 
51:01:01 

39.32 39.32 39.32 344 1 I *004/Low1 454.6 4.06 

AG 17.1 02:01:01 
03:01:01 

44:02:01 
57:01:01 

100 59.385 18.77 1553 2 T,I High2 259.4 2.26 

AH 9.37 2:01:01 27:05:02 
51:01:01 

39.32 30.645 21.97 638 2 T,I Low1 104 3.23 

AI 23.3 01:01:01 07:02:01 0 0 0 309 1 T *004/ S1 - - 
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02:01:01 44:02:01 

AJ 25.4 01:01:01 
24:02:01 

08:01:01 
40:01:01 

0 0 0 594 1 I *004 - - 

AK 5.47 01:01:01 
32:01:01 

07:02:01 
08:01:01 

73.67 73.67 73.67 543 1 I High2/S1 353.90 2.26 

AL 6.45 01:01:01 
03:01:01 

08:01:01 
44:02:01 

30.77 30.77 30.77 376 1 T High1/S1 227.3 4.99 

AM 0.68 02:01:01 
03:01:01 

07:02:01 
56:01:01 

0 0 0 53.9 0 - *004/High
1 

898.1 1.51 

AN 10.4 03:01:01 
68:01:02 

35:01:01 
55:01:01  

0 0 0 80.3 0 - Low1/high
2 

189.4 1.78 

AO 1.25 02:01:01 
03:01:01 

15:01:01 
40:02:01 

0 0 0 75 0 - Low2/ 
High2 

1098.7 0.39 

AQ 21.9 02:01:01 07:02:01 
40:01:01 

0 0 0 110 0 - High2/S1 195.2 0.69 

AR 24 01:01:01 
24:02:01 

52:01:01 
57:01:01 

100 61.765 23.53 746 3 I,I,I *004/Low1 59.72 7.73 

AS 6.79 02:01:01 
26:01:01 

27:05:02 
37:01:01 

23.97 14.205 4.44 1028 2 T,T High1/Hig
h2/S1 

1789.2 4.9 

AT 25.3 11:01:01 52:01:01 
56:01:01 

0 0 0 433 1 I *004/S1 - - 

AU 0.55 24:02:01 
32:01:01 

35:01:01 
44:02:01 

0 0 0 1453 3 I,I,T *004/S1 - - 

AV 1 01:01:01 
02:01:01 

07:02:01 
08:01:01 

0 0 0 49.5 0 - High2/S1 1116.6 1.24 

AW 3.4 01:01:01 27:05:02 30.77 17.605 4.44 1602 2 T,T High1/Hig 1207.9 5.74 
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02:01:01 44:02:01 h2 

AX 5.89 01:01:01 
02:11:01 

40:06:01 
51:01:01 

41.37 40 38.63 576 1 I High1/Hig
h2 

877.8 14.2 

AY 13.4 23:01:01 
68:01:01 

49:01:01 
51:01:01 

83.725 44.3465 4.968 1289 3 I,I,I High2/S1 793.6 1.13 

AZ 1.87 11:01:01 
25:01:01 

35:01:01 
44:02:01 

30.77 30.77 30.77 527 2 I,T High1 1209.4 1.17 

BB 9.92 03:01:01 
31:01:02 

15:01:01 
44:02:01 

43.29 31.0275 18.765 507 1 T Low1/High
2 

775.6 3.47 

BC 2.27 03:01:01 
23:01:01 

44:03:01 
56:01:01 

38.74 21.854 4.968 1653 2 I, T High2/S1 325.8 2.3 

BD 0.97 02:01:01 
03:01:01 

18:01:01 
55:01:01 

0 0 0 74.4 0 - Low1 920.5 1.88 

BE 3.57 02:01:01 
11:01:01 

15:18:01 
52:01:01 

34.88 34.88 34.88 369 1 I High2 617.4 0.22 

BF 1.59 03:01:01 
32:01:01 

07:02:01 
15:01:01 

73.66 73.66 73.66 472 1 I High2/S1 933.9 0.88 

BG 1.6 01:01:01 
02:01:01 

08:01:01 
15:01:01 

0 0 0 60.3 0 - *004 - - 

BH 2.14 01:01:01 
24:02:01 

40:01:01 
49:01:01 

83.725 52.3705 21.016 869 2 I,I High1/Hig
h2 

758.1 2.07 

BI 6.27 02:01:01 
30:01:01 

13:02:01 
44:02:01 

18.765 9.9325 1.1 765 2 T,T High2/S1 1461.7 2.98 

BJ 2.63 01:01:01 
02:01:01 

08:01:01 
44:02:01 

43.29 43.29 43.29 388 1 T Low1/S1 548.9 0.12 

BK 3.16 02:01:01 07:02:01 30.77 17.945 5.12 717 2 I,T *004/High 1126.625 4.15 
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23:01:01 44:02:01 1 

BL 13.6 01:01:01 
03:01:01 

07:02:01 
08:01:01 

0 0 0 132 0 - High1/S1 224.5 1.29 

BM 1.3 01:01:01 
29:02:01 

07:02:01 
08:01:01 

0 0 0 97.7 0 - *004 - - 

BN 3.98 02:01:01 
11:01:01 

13:01:01 
40:01:01 

1.138 1.138 1.138 341 1 T Low2/ 
High2 

687 0.9 

BO 3.13 2:01:01 18:01:01 0 0 0 128 0 - High2 1223.5 1.07 

BP 6.38 24:02:01 07:02:01 
18:01:01 

47.7 40.085 32.43 544 1 I Low1/High
1 

1115.8 13.3 

BQ 1.87 01:01:01 
02:01:01 

08:01:01 
15:01:01 

0 0 0 106 0 - High1 1278.8 3.18 

BR 8.51 24:02:01 
30:04:01 

41:01  21.016 21.016 21.016 562 1 I *004/High
2 

1632.2 1.95 

BS 13.6 02:01:01 
32:01:01 

37:01:01 
40:02:01 

0 0 0 871 2 I,T *004 - - 

BT 2.99 25:01:01 
32:02:01 

18:01:01 
51:01:01 

0 0 0 388 3 I,I,I S1 - - 

BU 11.6 01:01:01 
32:01:01 

15:01:01 
55:01:01 

80.81 77.235 73.66 549 1 I High1/Hig
h2 

950.3 4.12 

BV 12.7 02:01:01 44:02:01 
55:01:01 

43.29 37.03 30.77 613 1 T Low1/High
1 

996.3 4.89 

BW 2.22 25:01:01 57:01:01 0 0 0 1018 1 I *004/S1 - - 

BX 1.02 02:01:01 
03:01:01 

35:01:01 
57:01:01 

0 0 0 793 1 I *004 - - 

BY 13.5 31:01:02 39:01:01 0 0 0 327 0 - High1/Hig 649.5 2.85 
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40:01:01 h2 

BZ 1.37 01:01:01 
03:01:01 

07:02:01 
08:01:01 

0 0 0 76.5 0 - High1/S1 1194.8 3.62 

CA 8.22 02:01:01 
03:01:01 

07:02:01 
40:01:01 

0 0 0 15.3 0 - *004/High 
1 

767.16666
67 

5.09 

CB 9.05 03:02:01 
30:04:01 

41:01 
57:01:01 

100 100 100 348 1 I S1 0 0 

CC 9.16 24:02:01 
26:01:01 

07:02:01 
14:01 

32.163 32.163 32.163 419 1 I *004/High
2 

922.66666
67 

2.66 

CD 12.2 11:01:01 
31:01:02 

07:02:01 
51:01:01 

39.32 38.98 38.631 381 1 I Low1/High
2 

497.25 1.73 

CE 16.9 03:01:01 
26:01:01 

07:02:01 
38:01 

44.9475 44.9475 44.948 359 1 I *004/High
2 

491.91666
67 

1.13 

CF 17.1 11:01:01 
34:01 

15:06 
48:01:01 

0 0 0 20.8 0 - High2/S1 878.91666
67 

0.91 

CG 2.47 01:01:01 
68:01:02 

08:01:01 
18:01:01 

0 0 0 42.5 0 - *004/High
1 

1832.8571
43 

8.14 

CH 3.59 1:01:01 8:01:01 0 0 0 35.3 0 - High2/S1 1088.5714
29 

0.56 

CI 3.11 03:01:01 
24:02:01 

07:02:01 
15:01:01 

47.74 34.38 21.016 514 1 I Low1/High
2 

867.64285
71 

2.91 

CJ 3.75 02:01:01 45:01:01 
57:01:01 

100 100 100 463 1 I High2 1343.5714
29 

3.32 

CK 7.47 02:01:01 
26:01:01 

18:01:01 
44:05 

43.29 37.86 32.43 425 1 T Low1/High
1 

1383.7857
14 

7.29 

CL 4.17 02:01:01 18:01:01 47.74 34.38 21.016 358 2 I,I Low1/High 580.64285 3.31 
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24:02:01 51:01:01 2 71 

CM 10.1 32:01:01 
33:03:01 

07:05:01 
44:03:02 

0 0 0 664 2 I,T *004/S1 - - 

CN 3.29 01:01:01 
33:03:01 

08:01:01 
35:01:01 

0 0 0 35.9 0 - High1/S1 1012.8571
43 

5.08 

CO 4.92 1:01:01 8:01:01 0 0 0 49.5 0 - Low1/High
2 

596.21428
57 

2.07 

CP 4.57 24:02:01 
31:01:02 

15:01:01 
15:24 

47.74 34.38 21.016 776 1 I Low1/High
2 

718.14285
71 

4.15 

CQ 8 01:01:01 
02:01:01 

08:01:01 
15:01:01 

0 0 0 51 0 - Low1/S1 352.57142
86 

2.76 

CR 7.35 02:01:01 
11:01:01 

39:01:01 
57:01:01  

100 100 100 354 1 I High2/S1 816.78571
43 

2.14 

CS 1.04 01:01:01 
32:01:01 

08:01:01 
40:02:01 

0 0 0 161 1 I *004 - - 

CT 0.63 02:01:01 
11:01:01 

14:02:01 
44:02:01  

0 0 0 148 1 T S1 - - 

CU 2.09 01:01:01 
03:01:01 

07:02:01 
44:03:01 

38.74 38.74 38.74 230 1 T *004/ 
High2 

427 3.16 

CV 9.57 11:01:01 
68:01:02 

14:02:01 
35:01:01  

0 0 0 157 0 - *004/ S1 - - 

CW 5.19 02:01:01 
34:02 

08:01:01 
44:03:01 

38.74 38.74 38.74 458 1 T High2 493 4.91 

CX 2.59 02:03:01 
11:01:01 

18:01:01 
38:02  

44.9475 44.9475 44.948 294 1 T High2  588 5.22 

CY 8.23 01:01:01 08:01:01 47.74 47.74 47.74 330 1 I 004/Low1  165 1.45 
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24:02:01 35:03:01 

CZ 5.33 02:01:01 
03:01:01 

15:01:01 
51:01:01  

41.37 41.37 41.37 351 1 I High1/S1  419 4.16 

DA 3.77 01:01:01 
24:02:01 

15:01:01 
37:01:01 

47.74 41.63 35.51 680 2 I,T 004/Low1 163 1.24 

DB 7.01 02:07:01 
11:02:01 

46:01:01 0 0 0 79.4 0 - Low1/High
2 

130 10.1 

DC 9.54 11:01:01 
26:01:01 

35:02:01 
38:01 

68.73 64.52 60.32 398 1 I Low1/High
1 

130 10.1 
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A.4. KIR3DL1 binding score with HLA-Bw4 ligand pairing from various allotype subgroups 

KIR3DL1*001 
 

KIR3DL1*002 
  

KIR3DL1*004 
  

KIR3DL1*005 
  

KIR3DL1*008 
  

HLA Mean 

MFI 

Normalised 

to HLA-

B*57:01 

HLA Mean 

MFI 

Normalised 

to HLA-

B*57:01 

HLA Mean MFI Normalised 

to HLA-

B*57:01 

HLA Mean 

MFI 

Normalised 

to HLA-

B*57:01 

HLA Mean MFI Normalised 

to HLA-

B*57:01 

B*57:01 5248.33 100.00 B*57:01 6288.67 100.00 B*57:01 3720 100.00 B*57:01 5089.33 100.00 B*57:01 7936.666667 100.00 

B*57:03 4790.00 91.27 B*58:01 5859.00 93.17 B*57:03 2777.666667 74.67 B*44:03 4098.00 80.52 B*58:01 7393.666667 93.16 

B*58:01 4744.33 90.40 B*53:01 5799.33 92.22 B*58:01 2741.333333 73.69 B*58:01 4097.00 80.50 B*53:01 6960.666667 87.70 

B*49:01 4321.00 82.33 A*32:01 5255.33 83.57 B*53:01 2422.333333 65.12 B*57:03 3912.00 76.87 B*49:01 6645 83.73 

A*32:01 4241.00 80.81 B*49:01 5063.33 80.52 B*38:01 2041.333333 54.87 B*49:01 3641.00 71.54 B*57:03 6402.333333 80.67 

B*53:01 3864.67 73.64 B*57:03 4943.00 78.60 B*44:03 1970 52.96 B*53:01 3382.00 66.45 A*32:01 5846.333333 73.66 

B*38:01 3607.00 68.73 B*59:01 3047.00 48.45 B*49:01 1960.666667 52.71 B*38:01 3069.67 60.32 B*15:13 3815.666667 48.08 

B*15:13 2705.67 51.55 B*15:13 2992.67 47.59 A*32:01 1476 39.68 A*32:01 2941.33 57.79 B*59:01 3748 47.22 

B*59:01 2466.33 46.99 B*38:01 2713.67 43.15 B*15:13 1261 33.90 A*24:03 2633.67 51.75 B*38:01 3567.333333 44.95 

B*44:03 2449.33 46.67 B*47:01 2564.33 40.78 B*15:16 1237.333333 33.26 B*47:01 2562.33 50.35 B*47:01 3356.333333 42.29 

B*47:01 2408.67 45.89 B*51:02 2331.67 37.08 B*44:02 1191.666667 32.03 A*24:02 2429.67 47.74 B*51:02 3278.666667 41.31 

B*15:16 2406.33 45.85 B*44:03 2266.67 36.04 B*51:01 1178.333333 31.68 B*15:13 2351.33 46.20 B*44:03 3074.666667 38.74 
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B*51:02 2344.00 44.66 B*51:01 2194.67 34.90 B*47:01 1162.666667 31.25 B*59:01 2215.67 43.54 B*51:01 3066 38.63 

B*51:01 2171.33 41.37 B*52:01 1957.67 31.13 A*24:03 1116.333333 30.01 B*44:02 2203.00 43.29 B*52:01 2768.333333 34.88 

A*24:03 1858.67 35.41 B*15:16 1831.00 29.12 B*51:02 1013.666667 27.25 B*51:02 2123.67 41.73 A*24:03 2552.666667 32.16 

A*24:02 1702.00 32.43 A*24:03 1816.00 28.88 A*24:02 898.3333333 24.15 B*51:01 2001.33 39.32 B*15:16 2424 30.54 

B*44:02 1614.67 30.77 B*44:02 1547.33 24.61 B*37:01 875.6666667 23.54 B*15:16 1994.33 39.19 A*24:02 1668 21.02 

B*52:01 1342.33 25.58 B*37:01 1281.67 20.38 B*59:01 828 22.26 B*37:01 1807.33 35.51 B*44:02 1489.333333 18.77 

B*37:01 1258.00 23.97 A*24:02 1128.33 17.94 B*52:01 498.3333333 13.40 A*23:01 1243.00 24.42 B*37:01 1321 16.64 

C*07:02 571.33 10.89 C*04:01 458.00 7.28 A*23:01 180.6666667 4.86 B*52:01 1197.33 23.53 A*23:01 394.3333333 4.97 

C*01:02 367.67 7.01 C*02:02 369.00 5.87 B*27:05 116 3.12 B*27:05 1118.00 21.97 B*27:05 352.6666667 4.44 

B*27:05 361.33 6.88 B*27:05 343.33 5.46 C*07:02 109 2.93 B*13:01 480.00 9.43 C*04:01 201.6666667 2.54 

C*04:01 353.00 6.73 C*01:02 232.33 3.69 C*04:01 105.3333333 2.83 C*01:02 329.00 6.46 C*02:02 182 2.29 

A*23:01 268.67 5.12 C*07:02 229.67 3.65 C*16:01 83 2.23 C*07:02 259.67 5.10 C*07:02 103.3333333 1.30 

C*16:01 240.33 4.58 C*17:01 212.00 3.37 C*14:02 54.33333333 1.46 C*04:01 252.33 4.96 B*13:01 90.33333333 1.14 

C*14:02 221.00 4.21 C*14:02 193.33 3.07 C*17:01 49 1.32 C*14:02 249.00 4.89 C*01:02 55.33333333 0.70 

C*02:02 201.33 3.84 C*12:03 165.00 2.62 C*02:02 48.66666667 1.31 C*16:01 243.33 4.78 C*17:01 40.66666667 0.51 

C*17:01 167.00 3.18 C*06:02 160.33 2.55 C*01:02 45 1.21 C*02:02 196.00 3.85 C*14:02 29.66666667 0.37 
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C*06:02 85.00 1.62 B*13:01 104.33 1.66 C*06:02 40.33333333 1.08 B*13:02 173.67 3.41 C*06:02 7 0.09 

B*13:01 65.00 1.24 A*23:01 69.33 1.10 C*18:02 33.66666667 0.91 B*46:01 170.33 3.35 C*12:03 3.333333333 0.04 

C*12:03 56.33 1.07 C*18:02 19.67 0.31 B*13:01 14.66666667 0.39 A*11:01 156.00 3.07 C*16:01 1.666666667 0.02 

C*18:02 51.00 0.97 C*16:01 18.00 0.29 C*03:03 14.66666667 0.39 C*18:02 127.33 2.50 B*15:11 1.666666667 0.02 

C*05:01 15.33 0.29 
   

B*46:01 14.33333333 0.39 C*17:01 118.33 2.33 C*18:02 0.333333333 0.00 

B*46:01 10.67 0.20 
   

C*03:02 14 0.38 C*06:02 114.33 2.25 
   

B*15:11 8.33 0.16 
   

C*03:04 12 0.32 C*12:03 91.00 1.79 
   

      
C*05:01 12 0.32 B*15:02 65.00 1.28 

   

      
C*12:03 9.333333333 0.25 C*05:01 55.00 1.08 

   

      
A*11:01 4.333333333 0.12 C*03:02 52.33 1.03 

   

      
B*54:01 3 0.08 B*54:01 48.00 0.94 

   

      
C*08:01 1.333333333 0.04 B*15:11 48.00 0.94 

   

         
A*69:01 46.33 0.91 

   

         
C*08:01 39.00 0.77 

   

         
C*03:04 31.33 0.62 

   

         
C*03:03 31.00 0.61 
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A*68:02 31.00 0.61 

   

         
B*15:12 29.33 0.58 

   

         
B*35:01 27.33 0.54 

   

         
B*15:03 19.00 0.37 

   

         
B*48:01 17.67 0.35 

   

         
B*15:10 17.00 0.33 

   

         
B*15:01 16.00 0.31 

   

         
B*82:01 13.33 0.26 

   

         
B*14:01 13.00 0.26 

   

         
B*55:01 8.33 0.16 

   

         
A*03:01 7.00 0.14 

   

         
A*29:02 5.00 0.10 

   

         
B*45:01 5.00 0.10 

   

         
B*07:02 1.00 0.02 
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KIR3DL1*009   KIR3DL1*015   KIR3DL1*020   KIR3DL1*029   

HLA Mean MFI Normalised to 

HLA-B*57:01 

HLA Mean MFI Normalised to 

HLA-B*57:01 

HLA Mean MFI Normalised to 

HLA-B*57:01 

HLA Mean MFI Normalised to 

HLA-B*57:01 

B*57:01 4002.333333 100.00 B*57:01 3154.33333 100.00 B*57:01 4518.33 100.00 B*57:01 5122.00 100.00 

B*53:01 3815 95.32 A*32:01 2826 89.59 B*58:01 4163.67 92.15 B*53:01 4833.33 94.36 

B*58:01 3565 89.07 B*58:01 2619.33333 83.04 B*53:01 4003.00 88.59 B*58:01 4760.33 92.94 

A*32:01 3312.333333 82.76 B*49:01 2313.33333 73.34 A*32:01 3878.33 85.84 A*32:01 4224.33 82.47 

B*49:01 3250.333333 81.21 B*53:01 2227.33333 70.61 B*49:01 3626.00 80.25 B*49:01 4047.33 79.02 

B*57:03 2897 72.38 B*57:03 2148.66667 68.12 B*57:03 3298.67 73.01 B*57:03 3858.67 75.34 

B*59:01 1992.333333 49.78 B*38:01 1587.66667 50.33 B*59:01 2234.67 49.46 B*59:01 2500.33 48.82 

B*15:13 1954.666667 48.84 B*15:16 1037 32.88 B*15:13 2215.00 49.02 B*15:13 2426.33 47.37 

B*38:01 1766.666667 44.14 B*51:02 1036.66667 32.86 B*38:01 2006.00 44.40 B*38:01 2128.67 41.56 

B*47:01 1672.333333 41.78 B*15:13 1034 32.78 B*44:03 1841.00 40.75 B*47:01 2101.67 41.03 

B*51:02 1671 41.75 B*51:01 982 31.13 B*47:01 1826.00 40.41 B*51:02 1895.33 37.00 

B*44:03 1555.333333 38.86 B*59:01 927.666667 29.41 B*51:02 1817.33 40.22 B*51:01 1832.00 35.77 

B*51:01 1510.666667 37.74 B*44:03 856.333333 27.15 B*51:01 1698.67 37.59 B*44:03 1712.67 33.44 

B*52:01 1436.666667 35.90 B*47:01 784.333333 24.87 A*24:03 1563.67 34.61 B*52:01 1652.00 32.25 
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B*15:16 1281.666667 32.02 B*44:02 731 23.17 B*52:01 1507.00 33.35 B*15:16 1454.00 28.39 

A*24:03 1247.333333 31.17 A*24:03 580.666667 18.41 B*15:16 1279.00 28.31 A*24:03 1358.00 26.51 

B*44:02 1086 27.13 B*52:01 479.666667 15.21 B*44:02 1059.00 23.44 B*44:02 1201.67 23.46 

B*37:01 877 21.91 C*16:01 424 13.44 A*24:02 1015.33 22.47 B*37:01 941.00 18.37 

A*24:02 766.6666667 19.16 C*04:01 338 10.72 B*37:01 972.67 21.53 A*24:02 760.33 14.84 

C*04:01 348.6666667 8.71 C*07:02 326.333333 10.35 B*27:05 269.33 5.96 C*04:01 331.33 6.47 

C*02:02 323.6666667 8.09 A*24:02 292.666667 9.28 C*02:02 255.67 5.66 C*02:02 302.00 5.90 

B*27:05 295.6666667 7.39 B*37:01 249.333333 7.90 C*04:01 238.00 5.27 C*17:01 165.33 3.23 

C*07:02 290.3333333 7.25 C*02:02 229.666667 7.28 C*07:02 209.00 4.63 C*07:02 134.33 2.62 

C*06:02 230 5.75 C*14:02 224.333333 7.11 A*23:01 164.67 3.64 B*27:05 122.00 2.38 

C*17:01 228.6666667 5.71 C*17:01 44.3333333 1.41 C*17:01 145.67 3.22 C*06:02 92.33 1.80 

C*14:02 227 5.67 C*01:02 34 1.08 C*14:02 130.33 2.88 C*14:02 69.67 1.36 

C*01:02 160 4.00 C*18:02 7 0.22 C*06:02 122.33 2.71 C*12:03 16.67 0.33 

C*12:03 155.6666667 3.89 
   

B*13:01 88.33 1.95 B*13:01 5.33 0.10 

B*13:01 132.3333333 3.31 
   

C*12:03 70.33 1.56 C*16:01 3.00 0.06 

C*18:02 115 2.87 
   

C*01:02 66.67 1.48 
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C*16:01 113 2.82 
   

C*16:01 48.33 1.07 
   

B*15:11 79.33333333 1.98 
   

C*18:02 38.00 0.84 
   

C*05:01 48.66666667 1.22 
   

B*15:11 13.33 0.30 
   

A*23:01 45.66666667 1.14 
   

C*05:01 4.00 0.09 
   

C*03:02 6.666666667 0.17 
         

 

A.5. The distribution of KIR3DL1 allotypes in various world populations. 

KIR3DL1 African (%) Europe and 
Middle 
Eastern (%) 

South Asian 
(%) 

East and 
Southeast 
Asian (%) 

South 
American 
(%) 

*01501b 8 - 32 0.5 - 2 0.5 - 16 
  

*01502 8 - 16 0.5 - 16 8 - 16 16 - >32 16 - >32 

*002 0 - 4 0.5 - 16 0 - 16 0 - 4 0 - 32 

*007 0.5 - >32 0.5 - 16 0.5 - >32 4 - 32 0 - 32 

*008 0 - 1 4 - 16 4 - 16 <0.5 0 - 4 

*017 0.5 - 32 0 - 4 
 

0 - 4 
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*020 0.5 - 8 0.5 - 8 0 - 1 0.5 - 8 
 

*022 0.5 - 8 
  

0 - 2 0 - 4 

*029 0 - 2 0 - 4 
 

0 - 4 0 - 32 

*031 <0.5 - 16 0 – 0.5 0 - 2 
  

*00101 0.5 - 16 8 - 32 16 - >32 1 - 16 0 - 32 

*005 0.5 - 16 4 - 32 0.5 - 8 8 - 32 4 - 32 

*00401 0.5 - 16 8 - >32 0.5 - 32 0 - 4 0 - 32 

*00402 0 - 2 0.5 - 8 0.5 - 2 
  

*019 >0.5 0 - 4 0 - 2 0 - 2 
 

*009 0 - 4 0 - 4 0 - 2 
 

0 - 2 

b Non-highlighted are KIR3DL1 alleles of *015 lineage, highlighted in grey is a recombinant of *015 and *005, light grey are of *005 

lineage, and black is a recombinant of S1 and *001 (235,281,312,476-479). 
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A.6. Binding score of KIR3DL1 allotypes within High2 subgroup are similar compared to allotype from low 1 

subgroup.   

The normalised binding score of the KIR3DL1 tetramer binding HLA-I bead bound assay were compared between the 

high frequency alleles within the High 2 allotype group of: KIR3DL1*008 and *002; *008 and *015; and *015 and *002. As 

a control, the High 2 representative allotype of KIR3DL1*008 was compared to the Low 1 representative of KIR3DL1*005. 
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